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Abstract

In a climatically and structurally changing world, it is important to understand how different
thermal and social environments influence the behavior and physiology of the pillars of
terrestrial ecosystems: insects. In this dissertation, I explored how insects, specifically
Nicrophorus beetles, respond to biotic and abiotic challenges. Through this research, I addressed
1) how daily fluctuations in temperature influence Nicrophorus americanus reproductive
success, 2) the context in which breeding pairs use stridulation during carcass burial, and
subsequently how inhibition of stridulation influences reproductive success, 3) if the clypeal
membrane on Nicrophorus beetles has the physiological properties of a tympanum, and if clypeal
membrane alteration impacts reproductive success, and 4) how daily thermal fluctuation and
different social contexts influence antennal glomeruli volume and brain volume. For the first
question, I used environmentally controlled experimental chambers to simulate different levels of
daily temperature fluctuation. I found that thermal fluctuation during carcass burial and offspring
rearing significantly reduced reproductive success. For the second question, I made audio and
video recordings of Nicrophorus marginatus pairs during carcass burial to determine the context
of stridulation during carcass burial. I also removed stridulation capabilities in males, females, or
both sexes during reproduction and offspring rearing to determine the importance of stridulation
during these periods. I found that removing stridulation capabilities significantly increased
carcass burial time, but had no effect on reproductive success. I also found that N. marginatus
uses different stridulatory sounds for different behavioral contexts during carcass burial. For the
third question, I 1) occluded the clypeal membrane and observed how reproductive success is
impacted after occlusion, and 2) explored the vibrational properties and internal structures
associated with the membrane. I found that the clypeal membrane vibrates in response to
xii

airborne sound, and has associated internal structures analogous with insect tympana. However,
occluding the membrane had no influence on reproductive success. For the final question, I used
micro-CT scans to determine how temperature fluctuation and different social contexts
(partner/both adults silenced) during carcass burial influenced antennal glomeruli volume and
overall brain volume in adult female Nicrophorus. I found that silencing both adults during the
reproductive process significantly reduced brain volume, but daily thermal fluctuation had
variable impacts on brain volume. This research adds to the body of knowledge surrounding how
these beetles respond to thermal pressures while enhancing our understanding of Nicrophorus
communication. Moreover, this study provides insight into how different thermal environments
and social contexts influence Nicrophorus brain morphology.

xiii

Introduction

Climate change makes it imperative to understand how changing thermal environments
influence the behavior and reproduction of insects. Recent studies suggest that insect populations
are experiencing declines in diversity and abundance globally. For example, well-studied insects
such as butterflies (Nilsson et al. 2008), bees (Gouldson et al. 2008; Winfree 2009), and moths
(Conrad et al. 2002; Ilyinykh 2011) are exhibiting population declines of up to 50%-70% in parts
of their natural ranges. Flying insect biomass was found to have decreased by more than 75%
over a period of 27 years across protected areas in western Germany, irrespective of habitat type
(Hallmann et al. 2017). Additionally, experimentally elevated air temperatures have resulted in
reduced herbivorous insect species richness and evenness in old field systems over just two years
(Villalpando et al. 2009). In order to gain a comprehensive understanding of the large-scale
impact a changing environment has on insects, it is necessary to first explore the impact of
temperature on insect reproductive success, neural structures, and behavior.
Burying beetles (Silphidae: Nicrophorus spp.) are a group of relatively large (14 35mm), ground-dwelling beetles that are identified by orange and black markings on their elytra
and their characteristic carcass burial behavior. Nicrophorus beetles are unique among insects in
their utilization of biparental care while rearing offspring (Scott 1998, Pukowski 1933). To
initiate reproduction, male and female Nicrophorus beetles will locate and bury small animal
carcasses to use as a food source for their brood (Milne & Milne 1976; Scott 1998). When
carcass burial is complete, the male and female will strip the carcass of fur or feathers using their
mandibles and pack the carcass into a tight ball, on top of which they create a depression filled
with regurgitated oral fluids (Pukowski 1933). Larvae are fed from this pool primarily by the
1

female (Fetherston et al. 1990). Larval dependence on parental feeding varies among
Nicrophorus species, but offspring that receive more parental care have improved survival and
growth (Eggert et al. 1997).
The American burying beetle (N. americanus) is the largest species in the genus
Nicrophorus (Coleoptera: Silphidae). The US Fish and Wildlife Service first listed the American
burying beetle as endangered in 1989 after Davis (1980) conducted field surveys and discovered
that the species was absent from most of its historic range. The distribution of N. americanus,
which once spanned 35 U.S. states and three Canadian provinces, has contracted to less than
10% of its former range (Sikes & Raithel 2002). This range contraction is speculated to be one
of the most drastic ever recorded for an insect (Wells et al. 1983).
There are several proposed mechanisms for American Burying Beetle decline, including
introduction of DDT (Hoffmann et al. 1949, but see Kozol 1995), artificial lighting (Ratcliffe
1995; Peck and Anderson 1985; Backlund & Marrone 1997), pathogens, (Raithel 1991; Peck &
Anderson 1985; Channel & Lomolino 2000), and changes in vegetation (Lomolino & Creighton
1996; Askins 1997; but see Lomolino et al. 1995; Holloway & Schnell 1997). Stronger evidence
seems to point to the role of anthropogenic habitat fragmentation, which increases presence of
vertebrate scavengers and reduces availability of the carcasses needed for beetle reproduction
(Raithel 1991; Kozol 1995; Ratcliffe 1996). For example, Nicrophorous beetles have greater
reproductive success in larger woodland plots, because less fragmentation leads to reduced
vertebrate competition for carcasses (Trumbo and Bloch 2000). Thus, habitat fragmentation
could be augmenting a shortage of appropriate carcasses. For example, the extinction of the
passenger pigeon (Ectopistes migratorius) may have facilitated the decline of the American
burying beetle, as this bird was the appropriate size for hosting a full brood of offspring through
2

development (Sikes & Raithel 2002). Finally, the overlapping ranges of several Nicrophorous
species, N. americanus and N. orbicolis for example (the latter of which outnumbers N.
americanus at least ten to one), may have led to increased competition between congeners for
sub-optimal carcasses (Lomolino and Creighton 1996, Amaral et al 1997).
Temperature is a major driver of burying beetle ecology as it influences the ability of
burying beetles to compete for carcasses. For example, N. orbicollis can out-compete N.
defodiens on a carcass, but warm temperatures are required for N. orbicollis to find a carcass
(Wilson et al. 1984). Thus, N. orbicollis and N. defodiens are active in different thermal
environments, and seasonal temperature variation results in thermal niche segregation and
reduced competition. Ambient temperatures also influence Nicrophorus beetle performance and
periods of activity (Merrick & Smith 2004). Merrick and Smith (2004) demonstrated that high
temperatures result in periods of inactivity, and flight activity is restricted to temperatures
between 14-36°C in N. hybridus, N. guttula, and N. investigator.
In addition to temperature, the ability to communicate and generate signals has a
profound impact on behavior and reproductive success in insects. Signals are produced by a
sender and monitored by a receiver, and have an average net benefit for both parties. Their
primary function is to provide information to the receiver. Some insects, such as crickets,
grasshoppers, and cicadas, generate airborne sound which can be used as an acoustic signal to
attract a mate (Alexander et al. 1958), deter rivals (Hall 2011), and communicate the presence
and location of a predator (Hill 2008). Stridulation is a form of acoustic signaling that uses a
scraper and file to produce sound (Masters, 1980). The scraper and file generally consist of two
or more body parts which are rubbed together. Many insects use this method to communicate,
although it is most commonly associated with grasshoppers and crickets (Frings and Frings,
3

1958). Nicrophorus beetles are among many genera of insects to use stridulation as a form of
intra- and interspecific communication. A previous study found spectral and temporal differences
in stridulation, and morphological differences in stridulatory mechanisms among 8 species of
burying beetle (Hall et al. 2013), and our preliminary data suggest that the sound characteristics
of burying beetle stridulation may be context specific. While burying beetles can be observed
stridulating throughout mating, carcass burial, and brood rearing, the purpose of stridulation and
whether or not adults can actually “hear” this airborne sound is not yet known.
Finally, different thermal and social environments may be affecting burying beetle
behavior by altering neural development and sensory-input centers in their brains. Insect brain
structure grows and changes throughout adulthood (Groh et al. 2006; Krofczik et al. 2008;
Hourcade et al. 2010), and the resulting brain morphology can be influenced by conspecific
interactions (Krofczik et al. 2008), operant conditioning (Hourcade et al. 2010), and temperature
(Groh et al. 2004, Groh et al. 2006). Given Nicrophorus’s use of stridulation during their
unique bi-parental reproductive strategy, stridulation interactions between parents may influence
brain development and morphology; likewise, thermal fluctuation during the reproductive
process may have similar effects. To our knowledge, the influence of different thermal and social
environments on Nicrophorus brains has not yet been explored.
The aim of this research was to 1) determine how extremes in daily temperature
fluctuation influence reproductive success in Nicrophorus americanus, 2) determine the context
in which stridulation is used during carcass burial, and how inhibition of stridulation influences
burial behavior and reproductive success 3) determine if the clypeal membrane is used as an
auditory signal receptor (tympanum), and how manipulating the flexibility of the clypeal
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membrane influences reproductive success, and 4) observe how the manipulation of temperature
and intraspecific communication during reproduction influences brain morphology.
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CHAPTER 1
The impact of daily thermal fluctuation on Nicrophorus americanus reproductive success
Introduction
All climate change projections predict a rise in global temperature and an increase in the
magnitude of seasonal and daily temperature fluctuation. Despite recent work suggesting that the
increasing magnitude of thermal fluctuation will have a greater impact on organisms than
changes to the thermal mean (Brakefield and Mazzotta 1995; Vasseur et al. 2014; Niehaus et al.
2012; Ma et al. 2021), most research has focused on the effects of mean temperature change
(Baranov et al. 2020; Jourdan et al. 2019; Musolin 2007; Kiritani 2013). Further, unsustainable
agricultural practices can result in desertification (Le Hou’erou 1996), reducing vegetative cover
(Le Hou’erou 1996; Whitford 1997), and causing more drastic thermal fluctuation in the soils.
Yet despite these significant consequences, the effects of thermal fluctuation on soil-dwelling
insects is poorly understood (Hiltpold et al. 2017). It is important to understand how fluctuating
thermal environments influence the ecology of insects, as insects play a central role in driving
and maintaining the function of terrestrial ecosystems.
Studies have shown that ambient temperature plays a vital role in competition (Rajapakse
et al. 1992; Johnson et al. 2016; Wilson et al. 1984), larval development (Wermelinger and
Seifert 1998; McMillan et al. 2005; Nisimura et al. 2002; Ratte 1984; Gilbert and Raworth 1996;
Hagstrum and Milliken 1988), resource acquisition (Murray et al. 2013; Lemoine et al. 2014;
Wilson et al. 1984), and reproduction (Régnière et al. 2012; Barker and Herman 1976; Leith et
al. 2021; Sun et al. 2014) in insects. For example, higher temperatures can result in decreased
larval development time (Petersen et al. 2000; Wermelinger and Seifert 1998; Reynolds and
Nottingham 1985). In another study, Baranov et al. (2020) found that an 1.8°C increase in water
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temperature resulted in a 82% decline in aquatic insect abundance over 42 years, accompanied
by nonlinear increases in species diversity, evenness, and richness. In terrestrial systems,
Villalpando et al. (2009) found that artificially increasing air temperatures can alter trophic webs
and insect community structures by increasing abundance and decreasing species richness and
evenness. The mechanisms behind why temperature affects insect behavior are variable, but can
be summarized into two categories: Kinetic effects and integrated effects (Abram et al. 2017).
Kinetic effects include the limiting effect of temperature on metabolism and neurophysiology,
and integrated effects include the incorporation of thermal information to intentionally initiate or
alter behavior (Abram et al. 2017).
Although the effects of increasing average temperatures on insect reproductive ecology
have been studied extensively, few studies have been done to explore the effects of daily thermal
fluctuation. The amplitude of daily thermal fluctuations varies by season and habitat (Ragland
and Kingsolver 2008), and changes to the landscape can lead to changes in thermal
environments. Fluctuations in temperature during development can cause changes to larval
survival and growth. For example, leaf beetle larvae (Chrysomela aeneicollis) placed in thermal
environments experiencing daily temperature fluctuations dissimilar to their native environment
experience higher rates of mortality during daily midday high and nighttime low temperature
extremes (McMillan et al. 2005). Daily thermal fluctuation also reduces pupal mass of Manduca
sexta compared to pupae reared in constant temperatures (Kingsolver et al. 2009; 2020).
To date, the literature suggests that ambient temperature plays an important role in the
reproduction and life history of burying beetles. Burying beetles are unique among insects in
their utilization of cooperation and biparental care while preparing for and rearing offspring
(Scott 1998, Pukowski 1933). To initiate reproduction, male and female Nicrophorus beetles will
7

locate and bury small animal carcasses to use as a food source for their brood of young (Milne &
Milne 1976; Scott 1998). When carcass burial is complete, the male and female will strip the
carcass of fur or feathers and pack the carcass into a tight ball, on top of which they create a
depression filled with regurgitated oral fluids (Pukowski 1933), from which adults will feed their
young (Fetherston et al. 1990). Temperature influences the ability of burying beetles to compete
for carcasses: N. orbicollis can out-compete N. defodiens on a carcass, but warm temperatures
are required for N. orbicollis to find the carcass (Wilson et al. 1984). Thus, N. orbicollis and N.
defodiens are active in different thermal environments, and seasonal temperature variation results
in thermal niche segregation and reduced competition. Ambient temperatures also influence
Nicrophorus beetle performance and periods of activity (Merrick & Smith 2004). Merrick and
Smith (2004) demonstrated that high temperatures result in periods of inactivity, and flight
activity is restricted to temperatures between 14-36°C in N. hybridus, N. guttula, and N.
investigator. Further, Sun et al. (2014) found that when burying beetles reproduce in large
cooperative groups, they have similar reproductive success across a thermal gradient. Small
groups, however, have higher reproductive success at intermediate temperatures (Sun et al.
2014). These data suggest that when burying beetles cooperate in groups, small groups act as
thermal specialists and large groups act as thermal generalists (Sun et al. 2014). These studies
exemplify the important role of temperature in Nicrophorus reproductive ecology.
Temperature fluctuations have also been demonstrated to affect egg hatching success in
burying beetles. For example, a ± 5°C temperature change following oviposition of N.
quadripunctatus resulted in total mortality of 85% of breedings (Nisimura et al. 2002). However,
no studies to our knowledge have examined the effects of daily thermal fluctuation on
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Nicrophorus reproductive success, particularly that of the endangered American burying beetle
(N. americanus).
Considering the known impact of different thermal regimes on Nicrophorus behavior and
reproduction, it is possible that different magnitudes of daily temperature fluctuation may have
negative effects on burying beetle reproductive success. N. americanus is listed as critically
endangered on the IUCN Red List, so it is important to understand how increasing thermal
fluctuation across their range (due to climate change, desertification, or otherwise) will impact
reproduction.

Methods
To test if daily temperature fluctuation influences reproductive success, we conducted a
factorial design breeding experiment in which adult breeding pairs were placed in one of three
thermal treatments, and subsequently measured their respective reproductive success. Brood
success (the presence of larvae), number of dispersed larvae, and mass of dispersed larvae were
used as proxies for reproductive success (Hall et al. 2015, Keller et al. 2021, Reavey et al. 2014).
We used N. americanus individuals that were reared from wild-caught individuals
collected at the Nature Conservancy’s Tallgrass Prairie Preserve in Osage County, Oklahoma,
U.S.A. (36°49’N, 96°23’W) during the summer of 2019. Wild N. americanus were collected
under the authority of the USFWS Endangered Species Research and Recovery Permit TE
170625-0 issued to CLH. Beetles were caught in above-ground traps baited with aged chicken
liver using trap designs modified from Leasure et al. (2012). Trapping occurred during early July
2019, and traps were checked for three consecutive mornings in accordance with the US Fish and
Wildlife Service (USFWS) trapping protocols. Beetles were then shipped overnight to the
University of New Hampshire and allowed 2 weeks to rest and feed before being placed in stock
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breedings. In the lab, adults were held individually in acrylic containers (Pioneer Plastics, Dixon,
KY, USA; 12-1/2″ x 10-1/16″ x 3-13/16″) on moist paper towels (Kirkland Signature Premium
Big Roll Paper Towels) and were provided approximately 1-2g of raw pork loin and water twice
weekly. The beetles were housed in a walk-in environmental chamber room, with ambient
temperature set at 21°C, on a day:night cycle of 14:10 hours. All individuals used in experiments
were either F2-F4 lab-reared, 3-weeks post-eclosure, virgin at the time of the experiment, and no
siblings were paired for breeding experiments. To avoid pseudo-replication, no individual was
used in an experiment more than once.
We performed three temperature treatments under the same relative humidity (~45%
relative humidity) and light/dark photoperiods (14:10 light/dark):
(1.) no fluctuation [21°C, N = 29]).
(2.) 3°C fluctuation [19.5-22.5°C, N = 29],
(3.) 6°C fluctuation [19-25°C, N = 32],
The 3°C and 6°C fluctuation treatments replicated known soil temperature fluctuations between
the midday highs and nighttime lows 25cm and 10cm, respectively, below vegetated soil in
Osage Co. Oklahoma during the N. americanus breeding season. Control conditions replicated
current average environmental parameters in north-central Oklahoma during breeding season.
The 6°C fluctuation treatment had a slightly higher average temperature (22°C) due to the
cooling constraints of the chamber, and we did not want to exceed 26°C due to known reductions
in brood success occurring in Nicrophorus when breeding adults experience temperatures above
26°C (Keller et al. 2021). We used fine-scale experimental environmental chambers to control
for light, humidity, and temperature (Reach-in IN Series, Darwin Chambers Company, St Louis
MO, USA). The chamber parameters (Table 1), and daily thermal cycles were set to repeat until
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trial was complete. Throughout trials, soil temperature within breeding containers was monitored
using HOBO Pendant MX Temp sensors (Onset Computer Corporation, Bourne MA, USA).
For the thermal trials, we used transparent acrylic containers so that beetles could be
monitored throughout the burial process (Metro Decor LLC, Glenwillow OH, USA; 30 x 17 x
23cm). Containers were half filled with a 1:1 mixture of moist peat moss (Premier 0262p Peat
Moss) and sand (Pavestone All Purpose Play Sand) substrate, and contained a freshly thawed
~120g quail carcass (Coturnix coturnix, RodentPro.com®, Inglefield, IN, USA) as a reproductive
resource (Hall et al. 2015, Dirrigl & Perrotti 2014) placed on top of the peat prior to adding the
breeding pair. Breeding pairs were randomly selected from a stack of male and female beetles
and checked to ensure individuals were not siblings. Considering evidence that adult body size
may affect larval mass, reproductive behavior, and brood size (Bartlett & Ashworth 1988; Beeler
et al. 2002; Bladon et al. 2020), we measured pronotum width with digital calipers (500 Series,
IP67ABS Coolant-Proof Caliper CD-PS/PM, MITUTOYO, Schaumburg, IL, USA) to the
nearest 0.01mm to control for body size effects. Pairs were then placed in the prepared breeding
containers with the carcass, then containers were placed in their respective thermal treatments.
Final instars (larvae that disperse from the carcass at ~2 weeks after beetles were exposed to
carcasses) were removed from the breeding containers, counted, and weighed as an entire brood
to the nearest 0.01g on a digital weighing balance (Ohaus™ Scout Pro, Parsippany, NJ, USA).
At the end of each round, the substrate in the breeding containers was sifted through manually
and the carcass remains were dissected and examined to check for larvae . When the ~2 week
breeding period ended and larvae were processed, this constituted one round of breedings. The
entire experiment was repeated five times, for a total of six rounds.
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All statistical analyses were conducted in R (R Development Core Team, 2017). We used
a multivariate approach to reduce the chance of Type I error by avoiding multiple univariate
tests, and to include multiple biologically relevant independent variables that may be influencing
the dependent variable. Linear models (lm function, stats package) were used to determine
variables most likely to predict brood mass (combined weight of dispersed larvae). Tukey HSD
tests were performed (lsmeans function, emmeans package, Lenth 2021) to make pairwise
comparisons among treatments for linear models. Generalized linear models (glm function, stats
package) were used to determine variables most likely to predict differences in brood success
(Binomial distribution) and number of larvae (Poisson distribution) among treatments. The full
models for determining differences in the number of larvae, brood mass, and brood success
among treatments included treatment, carcass weight, female pronotum width, and male
pronotum width (Appendix A-C). Best models were selected using the model selection function
(model.sel function, MuMIn package, Barton 2020) and using AICc scores (sample size
corrected Akaike information criterion).

Results
Among the Control (N = 29), 3°C Fluctuation (N = 32), and 6°C fluctuation (N = 29)
breedings, 12, 14, and 9 breedings progressed to the larval dispersal stage, respectively.
Multivariate analysis determined that thermal fluctuation, female pronotum width, and carcass
weight best predicted the number of dispersed larvae. We found a weak correlation between
female pronotum width and number of dispersed larvae: with every 1 mm increase of female
pronotum width, there was an 8.6% increase in number of dispersed larvae (Pr(>|z|)
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= 0.09). Additionally, control breedings had significantly more larvae disperse than the 3°C
fluctuation treatment (Estimate = 0.51, z = 4.45, P < 0.0001), and 6°C fluctuation treatment
(Estimate = 0.41, z = 3.22, P = 0.004; Fig. 1).
Multivariate analysis determined that the thermal fluctuation was the best variable to
explain variation in overall brood mass and brood success. We found significant differences in
brood mass among treatments (R2adj = 0.13, F2,32 = 3.49, P = 0.04; Fig. 2), with broods in control
treatments having significantly higher masses than broods that experienced 3°C fluctuations
(Estimate = 8.00, df = 32, t = 2.44, p = 0.05). However, we found no significant differences in
brood success among treatments (Control Odds Ratio (OR) = -0.35, 3°C OR = 0.28, 6°C OR = 0.58; Fig. 3).

Discussion
Our study shows that daily thermal fluctuation negatively impacted the fecundity and
brood mass of N. americanus. Brood mass reduction was a function of the number of surviving
offspring, not the size of the larvae themselves. This complements similar studies, where thermal
fluctuation treatments that encompass stressful temperatures reduced fecundity in insects (Carroll
and Quiring 1993; Marshall and Sinclair 2010) and increased larval mortality at hatching in frogs
(Niehaus et al. 2012). Burying beetles also produce smaller broods when exposed to sustained
extreme (over 26.5°C) temperature (Keller et al 2021), so daily thermal fluctuation may be
causing thermal stress levels similar to those experienced when exposed to sustained extreme
temperatures. Previous work in this area suggests that thermal stress in insects results in impaired
oocyte development (Gruntenko et al. 2003), decreased mating success (Colinet and Hance
2009), and decreased sperm production and viability (Rinehart et al. 2000), but the physiological
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mechanisms underlying why thermal fluctuation reduces fecundity in N. americanus (or other
members of Nicrophorus) are unknown.
Anthropogenic land use can lead to desertification (Le Hou’erou 1996). Desertification is
caused by abusive land use practices such as overgrazing, which results in a drastic and/or
permanent reduction in vegetative cover (Le Hou’erou 1996; Whitford 1997). Most of the midand southwestern United States, including parts of the current known range of N. americanus, is
experiencing moderate to severe desertification (Dregne 1977; USDA Desertification
Vulnerability Map 1988; National Report on Efforts to Mitigate Desertification in the Western
United States, 2006). This loss in vegetative cover causes the soil to experience higher
magnitudes of daily temperature fluctuation, because soil temperature extremes increase as
vegetative cover decreases (Song et al. 2013). Our study illustrates that this increase in the
magnitude of daily temperature fluctuation as a result of desertification and climate change may
be having profound effects on soil-dwelling ectotherms, including the endangered N.
americanus.
N. americanus may use temperature as an environmental cue to initiate reproduction, and
reproduction may be constrained by temperature (Quinby et al. 2020). In the wild, N. americanus
may mitigate the effects of daily temperature fluctuation on a developing brood by burying the
carcass deeper in the soil. However, we found that even +/- 1.5°C around a baseline temperature,
which represents thermal fluctuations 25 cm below the soil surface within the known range of N.
americanus, still resulted in a significant reduction of dispersed larvae and brood mass. Most
species of North American Nicrophorus bury carcasses between 4 and 7 cm deep (Wilson and
Knollenberg 1987, Pukowski 1933), but brood chamber depth may be determined by maximum
air temperature, with higher temperatures resulting in deeper brood chambers (Harrison 2021).
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Further, in the wild, brood chambers experience less thermal fluctuation than non-use soil sites
of the same depth, perhaps due to heat produced by beetle and microbe metabolism within the
chamber (Harrison 2021). Regardless, at depths of 10 cm under bare soil or less than 10 cm
under vegetated soil, wild N. americanus are likely experiencing much greater thermal
fluctuation during reproduction than those tested in this experiment. During June and July of
2021, soils in Osage County, Oklahoma fluctuated an average of 10.5°C on average between
midday highs and nighttime lows under 10cm of bare soil (Mesonet.org). Based on our findings
and other work on this genus, these drastic thermal fluctuations may pose a serious risk to
developing broods.
This study demonstrates that we can likely add N. americanus to the growing group of
insects negatively impacted by climate change and unsustainable anthropogenic land use. It may
be beneficial to observe N. americanus in the field to 1) determine if N. americanus is burying
carcasses deeper than previously recorded or selecting sites with more vegetation to mitigate the
effects of drastic thermal fluctuation, and 2) determine the temperatures that broods are
experiencing at those depths. Future experiments that explore the relationships between burial
depth, vegetative cover, soil temperature, and reproductive success in situ will be the necessary
next steps to illuminate how N. americanus will respond to more drastic thermal fluctuation and
desertification across their range.

Tables
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Table 1. Ramp and soak times and temperatures programmed into environmental chambers for
daily fluctuation treatments. SV: Set Value, TM_r: ramp time, TM_s: soak time

SV1

TM1
r

TM1s

SV2

TM2
r

TM2s

SV3

TM3
r

TM3s

SV4

TM4
r

TM4s

3°C
Fluctuation

22.5°C

5.5
hr

30 min

21°
C

5.5
hr

30 min

19.5°C

5.5
hr

30 min

21°
C

5.5
hr

30 min

6°C
Fluctuation

25°C

5.5
hr

30 min

21°
C

5.5
hr

30 min

19°C

5.5
hr

30 min

21°
C

5.5
hr

30 min

Figures
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Figure 1. Box-and-whisker plot showing the number of N. americanus larvae dispersed from
each daily thermal fluctuation treatment. Upper and lower vertical lines represent maximum and
minimum data points, respectively. Boxes above and below median line represent the upper and
lower quartile of the data, respectively. Larger black dots represent the number of larvae in
individual breedings, and smaller black dots mark that the adjacent larger dot is an outlier.
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Figure 2. Box-and-whisker plot showing the brood mass (g) of N. americanus broods from each
daily thermal fluctuation treatment. Upper and lower vertical lines represent maximum and
minimum data points, respectively. Boxes above and below median line represent the upper and
lower quartile of the data, respectively. Larger black dots represent individual breedings.
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Figure 3. Bar chart showing the proportion of successful (blue) vs. failed (red) N. americanus
breedings within each daily thermal fluctuation treatment.
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CHAPTER 2
Talk beetle to me: exploring complex stridulatory sounds used by biparental insects during
the reproductive process
Introduction
The ability to communicate has a profound impact on behavior and reproductive success
in insects. For example, crickets, grasshoppers, and cicadas generate airborne sound to attract
and compete for mates (Alexander 1958, Mhatre et al. 2017, Hall 2011), avoid predators (Hill
2008, Conner 2014), or in response to disturbance (Masters, 1980 and citations therein).
Stridulation is a form of acoustic signaling that uses a scraper and file to produce sound
(Masters, 1980). The scraper and file generally consist of two or more body parts which are
rubbed together. Many insects use this method to communicate, although it is most commonly
associated with grasshoppers and crickets (Frings and Frings, 1958). Nicrophorus beetles are
among many genera of insects to use stridulation as a form of intra- and interspecific
communication. In burying beetles, the vibroacoustic signal is generated by rubbing together the
plectra (on the ventral side of the elytra) and the pars stridens (located on the 5 or 4 abdominal
th

th

segment on males and females, respectively; Hall et al. 2015). Stridulation is generated by
moving the abdomen up and down, and slightly forward and backward (Alexander et al. 1963).
The friction between the plectra and pars stridens creates a repeating cycle of sticking and
slipping, which generates both airborne sound and vibrations.
The sound qualities of stridulation in beetles may vary depending on context (Alexander
et al. 1963 and unpublished data), and stridulatory sounds characteristics vary among
Nicrophorus species due to variations in pars stridens morphology (Hall et al. 2013). Hall et al.
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(2013) found stridulatory sounds to be biphasic, with the major pulse associated with the flexion
of the abdomen and the minor pulse associated with the relaxation of the abdomen. Unlike in the
cricket, there is no known mechanism for sound resonation (i.e., the harp of the cricket wing)
known in Nicrophorus beetles—the elytra and abdominal segments are rigid
structures. Nicrophorus also produces broadband sounds (Hall et al. 2013), unlike the tonal
songs produced by crickets.
Nicrophorus beetles stridulate during competition for carcasses, mating, carcass
preparation, and offspring care (Fabre 1913; Pukowski 1933; Schumaker 1973; Huerta et al.
1992; Milne & Milne 1944). Evidence suggests that communication among burying beetles is
integral to reproductive success (Huerta et al. 1992; Hall et al. 2015). Adults have been observed
stridulating to “call” newly hatched larvae from the surrounding substrate to the burial chamber
(the small cave or hollow in the substrate created around a prepared carcass, Fabre 1913,
Pukowski 1933). Studies also have shown that if stridulatory capabilities are removed in male
and/or female American burying beetles (N. americanus), the breeding will produce significantly
fewer offspring than unaltered pairs (Hall et al. 2015). Researchers speculate that this is likely
because stridulation plays a role in parent-parent (Huerta et al. 1992). The function of
stridulation between the male and female during carcass burial, however, is not known.
Considering stridulation appears to be an important component in Nicrophorus
reproduction, it is possible that 1) the ability to stridulate increases reproductive success, and 2)
the sound qualities of stridulation differ among different behavioral contexts. To test this
hypothesis, we conducted a series of investigations to evaluate a) the reproductive ramifications
of removing stridulatory capabilities in one or both adults, b) the behavioral contexts in which
stridulation is used, and c) the sound properties of stridulation within those behavioral
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contexts. If stridulation in one or both adults is necessary for maximized reproductive success,
we expected that measures of reproductive and brood success would be reduced if stridulation is
removed. Additionally, if the beetles are able to alter the sound properties of their stridulation,
we expect sound properties to differ among different behavioral contexts. By showing
stridulatory capabilities are necessary for the reproductive process, and that stridulation sound
properties differ among different behavioral contexts, this study will provide evidence of the first
instance of beetle stridulation used during contexts other than mating and predator avoidance.

Methods
Breeding Experiment
To understand whether stridulation plays a role in parent-to-parent and/or parent-tooffspring communication during reproduction, we conducted factorial design breeding
experiments to measure reproductive behaviors (carcass burial time) and brood success (presence
and number of offspring, brood mass) in different stridulatory contexts. Brood success (larval
emergence), number of dispersed larvae, and mass of dispersed larvae were used as a proxy for
reproductive success (Hall et al. 2015, Keller et al. 2021, Reavey et al. 2014).
We used N. marginatus individuals that were reared from wild-caught individuals
collected at the Nature Conservancy’s Tallgrass Prairie Preserve in Osage County, Oklahoma,
U.S.A. (36°49’N, 96°23’W) during the summer of 2019. Wild N. marginatus were caught in
above-ground traps baited with aged chicken liver using trap designs modified from Leasure et
al. (2012). Trapping occurred during early July 2019, and traps were checked for three
consecutive mornings in accordance with the US Fish and Wildlife Service (USFWS) trapping
protocols. Beetles were then shipped overnight to the University of New Hampshire, and allowed
2 weeks to rest and feed before being placed in stock breedings. In the lab, adults were held
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individually in acrylic containers (Pioneer Plastics, Dixon, KY, USA; 4-5/16″ x 2 1/4″ x 1-3/4″)
¾ of the way filled with moist peat substrate (Premier 0262p Peat Moss) and were provided
approximately 1g of raw pork loin and water twice weekly. The beetles were reared in a walk-in
environmental chamber room, with ambient temperature set at 21°C, on a day:night cycle of
14:10 hours. All individuals used in experiments were either F2-F7 lab-reared, 3-weeks posteclosure, virgin at the time of the experiment, and no siblings were paired for breeding
experiments. To avoid pseudoreplication, no individual was used in an experiment more than
once.
During experimental trials, we created five stridulatory context treatments under the same
environmental conditions (~45% RH, 14:10 light/dark photoperiod, and ambient temperature of
21°C):
1) ablated (pars stridens removed) female with unablated male (“T1”, N = 36)
2) ablated male with unablated female (“T2”, N = 36)
3) both male and female are ablated (“T3”, N = 36)
4) neither male nor female are ablated (“Control”, N = 36)
5) male or female (randomly selected) had non-stridulatory abdominal segment filed by
emery board (“Positive Control”, N = 36)
Beetles in ablated treatments had their stridulatory capabilities inhibited by gently filing
away their pars stridens with an emery board until the abdominal segment was smooth and
stridulation could not be generated by hand (gently manipulating the abdomen so that the
plectrum rubbed against where the pars stridens used to be).
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For the experimental trials, we used transparent acrylic containers so that beetles could be
monitored throughout the burial process (Pioneer Plastics, Dixon, KY, USA;19.5 x 14.5 x
10.5cm). Containers were half filled with moist peat moss (Premier 0262p Peat Moss) and
contained a freshly thawed ~30g mouse carcass (RodentPro.com , Inglefield, IN, USA) as a
®

reproductive resource (Hall et al. 2015, Dirrigl & Perrotti 2014) placed on top of the peat prior to
adding the breeding pair. N. marginatus breeding pairs were randomly selected from a stack of
male and female beetles and checked to ensure individuals were not siblings. Considering
evidence that adult body size may affect larval mass, reproductive behavior, and brood size
(Bartlett & Ashworth 1988; Beeler et al. 2002; Bladon et al. 2020), we measured pronotum width
with digital calipers (500 Series, IP67ABS Coolant-Proof Caliper CD-PS/PM, MITUTOYO,
Schaumburg, IL, USA) to the nearest 0.01mm to control for body size effects. Pairs were then
placed in the prepared breeding containers with the carcass, and visual checks of burial progress
were conducted every 15 min until the carcass was completely below the soil surface. Final
instars (larvae that disperse from the carcass at ~2 weeks after beetles were exposed to carcasses)
were removed from the breeding containers, counted, and weighed as an entire brood to the
nearest 0.01g on a digital weighing balance (Ohaus™ Scout Pro, Parsippany, NJ, USA). At the
end of each round, the substrate in the breeding containers was sifted through manually and the
carcass remains were dissected and examined to check for larvae. When the ~2 week breeding
period ended and larvae were processed, this constituted one round of breedings. The entire
experiment was repeated twice, for a total of three rounds.

Context of Stridulation Experiment
To quantify the context and sound properties of stridulation during carcass burial, a
subset of unablated (control) pairs were video and audio recorded. Pairs were placed in a
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breeding container with the same conditions as above, except the acrylic lid was replaced with a
transparent acrylic sheet with two small ventilation holes in opposite corners (to prevent fogging)
and a hole for the microphone to feed into the breeding containers. Security cameras (IP Box
Camera 4MP, CCTY Camera World©, USA) attached to a Tascam DR100 MK3 digital audio
recorder (TEAC GmbH, Europe) were used to record video and audio data (over ~45dB) during
carcass burial. Audio recorders were attached to small microphones (MOVO LV8-C
Professional Cardioid Lavalier Microphone, Los Angeles, CA, USA) that fed into the breeding
containers. Video data was recorded and stored in a Mini 8 Channel 4K NVR (CCTV Camera
World© USA, SKU: NVR1084K) until downloaded onto a terabyte hard drive for
analysis. Male and female sounds were combined for analysis. Although 15 pairs were recorded,
6 pairs did not engage in carcass burial behaviors so data from these 9 breedings were used for
subsequent analyses.
I used BORIS software (Friard & Gamba 2016) with the spectrogram feature enabled to
quantify the behavioral context (carcass preparation, copulation, chasing, and pushing the
carcass; Ethogram: Table 1) of each visible stridulation event, and subsequently compared each
event to its associated audio file to determine the sound properties of each stridulation event. I
used Audacity© (1999-2018 Audacity Team) to quantify the pulse duration, interpulse interval,
duty cycle (pulse duration/[pulse duration + interpulse interval]), syllables per pulse, primary
dominant frequency, secondary dominant frequency, and number of phases for each stridulation
event. For each breeding, I analyzed 20 (or as many as possible if 20 events did not occur) 5second recordings per behavioral context to determine the average of each sound quality per
behavioral context. During video analysis, it became apparent that beetle pairs were utilizing
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different sound types during carcass burial, so the sound type (buzz/trill, chirp, roll, and grunt)
during each stridulation event was also recorded.

Statistical Analysis
All statistical analyses were conducted in R (R Development Core Team, 2017). We
used a multivariate approach to reduce the chance of Type I error by avoiding multiple univariate
tests, and to include multiple biologically relevant independent variables that may be influencing
the dependent variable. Linear models (lm function, stats package) were used to determine
variables most likely to predict carcass burial time and brood mass (combined weight of
dispersed larvae). Tukey HSD tests were performed (lsmeans function, emmeans package, Lenth
2021) to make pairwise comparisons among treatments for linear models. Generalized linear
models (glm function, stats package) were used to determine variables most likely to predict
differences in brood success (Binomial distribution) and number of larvae (Poisson distribution)
among treatments. The full models for determining differences in the carcass burial time, number
of larvae, brood mass, and brood success among treatments included treatment, carcass weight,
female pronotum width, and male pronotum width (Appendix Table 2A-2D). Best models were
selected using the model selection function (model.sel function, MuMIn package, Barton 2020)
and using AICc scores (sample size corrected Akaike information criterion).
Sound properties (pulse duration, interpulse interval, duty cycle, syllables per pulse,
primary and secondary dominant frequency, number of phases) were averaged for each breeding,
and those averages were used for subsequent analyses. To compare sound properties among
behavioral contexts and sound types, linear models (lm function, “stats” package) were used, and
Tukey HSD tests were used to make pairwise comparisons among behavioral contexts and sound
types.
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Results
Stridulation and Reproductive Success
Multivariate analysis determined that treatment was the best predictor of carcass burial
time. There was a significant difference in burial time among treatments (R = 0.04, F
2

adj

4,171

= 3.06,

P = 0.02). Tukey HSD test determined that control and positive control treatments had
significantly shorter burial times than breedings where both adults were ablated (Control vs.
Both Ablated: P = 0.03, t = -2.98, df = 171, Estimate = -117.12; Positive control vs. Both
Ablated: P = 0.03, t = -2.98, df = 171, Estimate = -117.37; Fig. 1).
Multivariate analysis determined that treatment was the best variable to explain variation
in the number of dispersed larvae, brood mass, and brood success; however there were no
significant differences in number of dispersed larvae (Control Odds Ratio (OR) = 12.00, Positive
Control OR = 0.89, T1 OR = 0.89, T2 OR = 1.06, T3 OR = 0.98; Fig. 2), brood mass (R = 2

0.02, F

4,123

adj

= 0.37, P = 0.83; Fig. 3) or brood success (Control Odds Ratio (OR) = 1.61, Positive

Control OR = -0.92, T1 OR = -0.73, T2 OR = -0.92, T3 OR = -0.43; Fig. 4) among treatments.

Context and Structure of Stridulation during Carcass Burial
During video analyses, we found that beetles were stridulating during four different
behavioral contexts: carcass preparation, chasing, copulation, and pushing the carcass
(Ethogram: Table 1). We first set out to determine if sound properties differed among these
behavioral contexts. We found no difference in pulse duration (R = 0.03, F = 1.45, P = 0.24),
2

adj

3,49

inter-pulse interval (R = -0.0002, F = 1.00, P = 0.40), and primary dominant frequency (R =
2
adj

2

3,49

adj

0.01, F = 1.11, P = 0.36) between behavioral contexts. However, we did find that duty cycle did
3,49

significantly differ among behavioral contexts (R = 0.18, F = 4.78, P = 0.005). Tukey post2

adj

3,49

hoc tests indicated that carcass preparation (Estimate = 0.25, t = 2.74, df = 49, P = 0.04) and
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pushing (Estimate = -0.27, t = -3.14, df = 49, P = 0.01) had significantly longer duty cycles than
copulation. Syllables per pulse also differed significantly among behavioral contexts (R = 0.10,
2

adj

F = 2.84, P = 0.047). Tukey post hoc tests indicated that chasing has significantly more
3,49

syllables per pulse than carcass preparation (Estimate = -38.00, t = -2.75, df = 49, p = 0.04).
Finally, secondary dominant frequency significantly differed among behavioral contexts (R =
2
adj

0.30, F = 8.41, P = 0.0001). Specifically, chasing had significantly higher secondary dominant
3,49

frequencies than carcass preparation (Estimate = -1116, t = -4.86, df = 49, P = 0.0001) and
pushing (Estimate = 882, t = 3.95, df = 49, P = 0.001). Significant differences of sound
properties among behavioral contexts are due to the use of different sound types (explained
below) within each context.
During video and sound data analysis, we found that adult pairs seem to be generating
four distinct sound types throughout carcass burial. We named the sound types “Buzz/Trill”,
“Chirp”, “Grunt”, and “Roll.” The average sound properties for each sound type can be seen in
Table 2, and wave form and spect5rogram examples can be seen in Fig. 6. Sound types
significantly differed in pulse duration (R = 0.61, F = 27.85, P < 0.001; Fig. 7A), interpulse
2

adj

3,49

interval (R = 0.15, F = 4.006, P = 0.01; Fig. 7B), duty cycle (R = 0.63, F = 31.78, P <
2

adj

2

3,49

adj

3,49

0.001; Fig. 7C), syllables per pulse (R = 0.45, F = 15.40, P < 0.001; Fig. 7D), primary
2
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3,49

dominant frequency (R = 0.20, F = 5.41, P = 0.002; Fig. 7E), and secondary dominant
2

adj

3,49

frequency (R = 0.34, F = 9.75, P < 0.001; Fig. 7F).
2

adj

3,49

Further, how many times beetles used each sound type for different behavioral contexts
was variable among analyzed recordings (Fig. 8). For carcass preparation behaviors, beetles used
Buzz/Trill 15.4%, Chirp 23.1%, Grunt 7.7%, and Roll 53.8% of the time. For chasing behaviors,
beetles used Chirp 100% of the time. For copulation behaviors, beetles used Buzz/Trill 6.3%,
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Chirp 50.1%, Grunt 37.5%, and Roll 6.3% of the time. When pushing the carcass, beetles used
Buzz/Trill 26.7%, Chirp 33.3%, Roll 40%, and Grunt 0% of the time.

Discussion
Stridulation and Reproductive Success
We found that silenced N. marginatus pairs took significantly longer to bury the carcass,
so stridulation seems to play a role in communication and coordination during carcass burial
(Fig. 1). Previous studies indicate stridulation in beetles is typically used as a defense mechanism
in response to disturbance (Buchler et al. 1981, Calridge 1974, Schmitt 1994), or during mating
(Oester et al. 1978, Hirschberger 2001, Kasper & Hirschberger 2005). The data presented here
are the first to provide evidence of beetles using stridulation as a means of coordination to
acquire a resource, not related to mating or predator avoidance. Coordination during carcass
burial may be vital in securing the carcass quickly, considering carcasses are an ephemeral
resource, and are heavily competed over by other burying beetles, flies, and vertebrate
scavengers (Scott 1998). Furthermore, carcass burial took the longest when both sexes were
silenced, and carcass burial time also increased when only one sex was silenced. Thus,
stridulation from both sexes appears important in coordinating carcass burial. These findings are
unique relative to other beetles such as the dung beetle (Hirschberger 2001) or bark beetle
(Oester et al. 1978), where primarily males stridulate, and male stridulation is important to
initiate mating or interaction between sexes.
Although silencing N. marginatus adults influenced carcass burial time, silencing had no
effect on the number of dispersed larvae or brood mass (Fig 2 and 3). These findings are
corroborated by Schrader and Galanek (2021), who found that removing the stridulatory
capabilities of N. vespilloides and N. orbicollis had no effect on reproductive success. This study
29

also lies in contrast to work done by Hall et al. (2015), who found significant reductions in
reproductive success after altering stridulatory capabilities (clipping the elytron) of breeding
adults. As Hall et al. (2015) noted, however, the reduction in reproductive success may have
been attributed to the reduction in body condition related to hemolymph loss.

Context and Sound Structure of Stridulation during Carcass Burial
We found that N. marginatus can alter the spectral and temporal qualities of their
stridulatory sounds. N. marginatus can generate at least four distinctly different sounds, and
those sounds are used at different frequencies during at least 4 different behavioral contexts (Fig.
8). Altering the spectral qualities of stridulation depending on context has been seen, albeit to a
lesser degree, in other beetles. For example, dung beetles have been found to exhibit intraspecific
variability in stridulatory spectral qualities, with different populations of the same species having
bioacoustically distinguishable sounds (Carisio et al. 2004). Dung beetles can also alter the
pattern and complexity of their mating songs (Hirschberger 2001). However, dung beetles
typically generate sound in one behavioral context (mating). Bark beetles (Hylurgopos
rugipennis) also utilize distinct sounds for two different contexts: a multi-pulse stress chirp and
bimodal patterned premating stridulation (Oester 1978). Considering the diversity of behavioral
contexts and sound types used by N. marginatus in this study, this species may use stridulation as
a type of communication signal that has never been observed in beetles before.
During sound analysis for this study, we found that males and females both stridulate,
and during rare instances in which we could confidently determine that both sexes were
stridulating at the same time (both were in clear view and sound data were clear), males and
females appear to duet and have slightly different spectral qualities. We combined male and
female stridulation for this study, because it was difficult to determine which individual was
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stridulating at any given time. Further studies examining the differences between male and
female N. marginatus stridulation, and how much each sex stridulates during each behavioral
context, would likely be fruitful and interesting. Considering Nicrophorus beetles spend a lot of
their time stridulating underground (stridulations in which we could not see the individuals were
not used for analyses), it might also be interesting to use 3D automated tracking techniques to
track each individual during the burial process in breedings where both sexes are able to
stridulate. This may provide insight into when and how much each sex is stridulating in different
behavioral contexts.
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Tables
Table 1. Ethogram of behavioral contexts used during video analysis.
Behavior
Carcass Preparation

Description
Beetle is using mandibles to chew, cut, and/or strip fur from mouse
carcass.

Chasing

One beetle is moving within one body length behind or adjacent to
second beetle, second beetle flees from first beetle, both beetles
engage in battle (using mandibles and/or limbs to push or flip
opponent), and/or first beetle charges second causing the second to
flee.

Copulation

Both beetles are actively engaged in amplexus, while moving or
stationary

Pushing

Beetle is using its legs and body to push carcass into a different
position
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Table 2. Average and Standard deviation (StdDev) of each sound types’ spectral quality. PD =
pulse duration, II = Interpulse interval, DC = duty cycle (pulse duration/[pulse duration +
interpulse interval]),, SPP = syllables per pulse, DF = dominant frequency, DF2 = secondary
dominant frequency.
Buzz/Trill Chirp

Grunt

Roll

Average PD (sec)

0.059

0.11

0.23

0.25

StdDev PD

0.016

0.03

0.10

0.10

Average II (sec)

0.036

0.57

1.86

0.21

StdDev II

0.058

0.83

1.47

0.43

Average DC (sec)

0.69

0.24

0.15

0.65

StdDev DC

0.17

0.17

0.08

0.24

Average SPP

12.45

82.11

36.69

67.61

StdDev SPP

6.06

26.13

21.34

37.89

Average DF (Hz)

183.76

1296.50 140.81

241.82

StdDev DF

160.26

1757.37 148.14

287.97

Average DF2 (Hz) 380.55

1374.87 397.58

470.68

StdDev DF2

197.82

1554.92 156.51

383.20

Average Phases

1.96

1.13

2.08

1.72

StdDev Phases

0.20

0.40

0.65

0.45
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Figures

Figure 1. Box-and-whisker plot showing differences in carcass burial times of N. marginatus
among treatments. Upper and lower vertical lines represent maximum and minimum data points,
respectively, excluding outliers. Boxes above and below median line represent the upper and
lower quartile of the data, respectively. Ablation = the filing away of the pars stridens so that
stridulation was silenced. Positive controls had the abdominal sternite below the pars stridensbearing sternite gently filed to control for effects of cuticle damage. Black dots represent
individual breedings.
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Figure 2. Box-and-whisker plot showing differences in number of dispersed larvae of N.
marginatus among treatments. Upper and lower vertical lines represent maximum and minimum
data points, respectively, excluding outliers. Boxes above and below median line represent the
upper and lower quartile of the data, respectively. Ablation = the filing away of the pars stridens
so that stridulation was silenced. Positive controls had the abdominal sternite below the pars
stridens-bearing sternite gently filed to control for effects of cuticle damage. Black dots represent
individual breedings.
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Figure 3. Box-and-whisker plot showing differences in brood mass of N. marginatus among
treatments. Upper and lower vertical lines represent maximum and minimum data points,
respectively, excluding outliers. Boxes above and below median line represent the upper and
lower quartile of the data, respectively. Ablation = the filing away of the pars stridens so that
stridulation was silenced. Positive controls had the abdominal sternite below the pars stridensbearing sternite gently filed to control for effects of cuticle damage. Black dots represent
individual breedings.
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Figure 4. Bar chart showing the proportion of N. marginatus breedings that failed (red) or were
successful (blue) within each experimental treatment. Ablation = the filing away of the pars
stridens so that stridulation was silenced. Positive controls had the abdominal sternite below the
pars stridens-bearing sternite gently filed to control for effects of cuticle damage.
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Figure 5. Bar charts showing how spectral and temporal qualities of N. marginatus stridulation
differ among different behavioral contexts. A. Differences in pulse duration (s) among
behavioral contexts, B. Differences in Interpulse interval (s) among behavioral contexts, C.
Differences in duty cycle (pulse duration/[pulse duration + interpulse interval]) among
behavioral contexts, D. Differences in syllables per pulse among behavioral contexts, E.
Differences in dominant frequency (Hz) among behavioral contexts, F. Differences in secondary
dominant frequency (Hz) among behavioral contexts. Error bars represent standard error.
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Figure 6. Wave form (gray horizontal bars) and spectrogram (pink horizontal bars) examples of
each sound type. A. Grunt, B. Chirp, C. Roll, and D: Buzz/Trill. White horizontal bars show time
scale in hour:minute:second format.

39

Figure 7. Bar charts showing how spectral and temporal qualities of N. marginatus stridulation
differ among sound types. A. Differences in pulse duration (s) among sound types, B.
Differences in Interpulse interval (s) among sound types, C. Differences in duty cycle (pulse
duration/[pulse duration + interpulse interval]) among sound types, D. Differences in syllables
per pulse among sound types, E. Differences in dominant frequency (Hz) among sound types, F.
Differences in secondary dominant frequency (Hz) among sound types. Error bars represent
standard error.
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Figure 8. Bar chart showing the proportion of each sound type (differentiated by color) utilized
by N. marginatus within each behavioral context.
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CHAPTER 3
The ear is on the head: the anatomy of the clypeal membrane, a potential tympanum in
Nicrophorus beetles.
Introduction
Tympanal hearing has evolved independently in at least 7 different orders of insects, and
tympana occur on a diversity of body regions (Hoy & Robert 1996; Ball & Hill 1978; Prager
1976; Yack et al. 1999; Shaw 1994; Sun et al. 2018). For example, members of Corixidae
possess a mesothoracic tympanum that pairs with an air bubble that surrounds the body, and aids
in acoustic sound reception (Prager 1976). There is extensive literature surrounding tympana on
the legs of Orthopterans (Young & Ball 1974; Ball & Hill 1978; Robinson & Hall 2002 and
citations therein), and tympana have also been observed on the metathoracic legs of roaches
(Shaw 1994), the base of Neuropteran forewings (Miller 1970), and butterfly forewings (Scoble
1986). Even within the two known beetle taxa that have evolved tympanum, Scarabs (Forrest et
al. 1997) and Tiger beetles (Spangler 1988; Yager and Spangler 1995), the location and
morphology of the hearing structures is drastically different.
Insect tympanal hearing organs (or “ears”) are characterized by three components: 1) an
area of localized thinning of the external cuticle, 2) an associated internal air-filled space
(usually trachea or air-filled sac), and 3) the presence of a sensory organ (scolopidia or
chordotonal organ) innervating the sac (Hoy & Fay 2012). An insect tympanum functions like an
eardrum: airborne sound waves are coupled with the tympanum, causing it to vibrate. These
vibrations are propagated through the air-filled tracheal expansion and detected by auditory
neurons in the scolopidial organ. This mechanical stimulus activates ion channels directly
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(Albert et al. 2007; Zanini & Göpfert 2013). An action potential is then propagated to the central
nervous system (Field & Matheson 1998).
In insects, the clypeus is a region of the head capsule located between the frons and
labrum. The clypeus may take the form of two distinct regions, the postclypeus and the
anteclypeus, with the latter classified as an extension of a flexible area at the base of the labrum
(Walker 1931). The name of this flexible portion varies in the literature (see Yoshizawa &
Saigusa 2003 and Owen 1985). For this study, we refer to this region as the clypeal membrane,
an articulation membrane between the frons and the labrum (DuPorte 1946) that allows insects
greater retraction and mobility of the labrum (Walker 1931). In mosquitoes, the clypeal
membrane sits above the clypeo-labralis, the largest muscle in the mosquito’s head which is
associated with movement of the labrum during insertion and feeding (Owen 1985). In
Psocoptera, enlargement of the clypeus supports larger dilator muscles of the cibarium, resulting
in increased sucking power (Yoshizawa & Saigusa 2003; Rudolph 1982). The clypeal membrane
on Nicrophorus beetles is an orange, flexible portion of cuticle located above the labrum (Fig
1). It is enlarged and the dorsal portion of the membrane is seemingly not involved in labrum
movement. This enlargement of the clypeal membrane is absent in Nicrophorinae’s sister
subfamily, Silphinae (Sikes 2003). Members of Silphinae also do not exhibit the level of
sociality and parental care that Nicrophorinae exhibits. Parental care and coordination is vital to
larval growth and survival in many species of Nicrophorinae (Fetherson et al. 1990; Eggert et al.
1998; Scott & Traniello 1990; Rauter & Moore 2002), so the enlarged clypeal membrane may
play a role in social interaction. Wormington and Luttbeg (2017) found that burying beetle
clypeal membranes scale positively with body size and encode “exaggerated” body size
information. They also provided evidence that clypeal membrane color may be a metric for
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immune function in burying beetles (Wormington and Luttbeg 2018). Although these studies
suggest what signals the clypeal membrane might convey to congeners, they do not explain the
physiological function of the enlarged membrane.
Burying beetles (Nicrophorus: Silphidae) produce airborne sound (Milne & Milne 1976;
Hall 2011; Hall et al. 2013) during competition for carcasses, mating, carcass preparation, and
offspring care (Fabre 1913; Pukowski 1933; Schumaker 1973; Huerta et al. 1992; Milne & Milne
1944), and these sounds may be integral to reproductive success (Huerta et al. 1992; Hall et al.
2015). Although there is evidence that Nicrophorus uses vibration as a communication modality
(Phillips et al 2020), a hearing structure to detect airborne sounds has not yet been discovered
(Hall et al. 2013).
Given the anatomical properties of the clypeal membrane of Nicrophorus beetles, and
given what is known about the acoustic and vibrational communication modalities in this group,
it is possible that the clypeal membrane functions as a modified tympanal hearing organ. To test
this hypothesis, we conducted a series of investigations to evaluate a) the role of the membrane
in parent-to-parent behaviors during reproduction, b) the internal and external anatomy of the
membrane, and c) the vibratory and resonance properties of the membrane.

Methods
We used N. americanus and N. marginatus individuals that were reared from wild-caught
individuals collected at the Nature Conservancy’s Tallgrass Prairie Preserve in Osage County,
Oklahoma, U.S.A. (36°49’N, 96°23’W) during the summer of 2019. Wild N. americanus were
collected under the authority of the USFWS Endangered Species Research and Recovery Permit
TE 170625-0 issued to CLH. Beetles were caught in above-ground traps baited with aged
chicken liver using trap designs modified from Leasure et al. (2012). Trapping occurred during
44

early July 2019, and traps were checked for three consecutive mornings in accordance with the
US Fish and Wildlife Service (USFWS) trapping protocols. Beetles were then shipped overnight
to the University of New Hampshire, and allowed 2 weeks to rest and feed before being placed in
stock breedings. In the lab, adults were held individually in acrylic containers (Pioneer Plastics,
Dixon, KY, USA; 12-1/2″ x 10-1/16″ x 3-13/16″ for N. americanus and 4-5/16″ x 2 1/4″ x 1-3/4″
for N. marginatus). N. americanus containers contained moist paper towels (Kirkland Signature
Premium Big Roll Paper Towels), and N. marginatus containers were filled ¾ of the way with
moist peat substrate (Premier 0262p Peat Moss). Both species were provided approximately 1-2g
of raw pork loin and water twice weekly. The beetles were housed in a walk-in environmental
chamber room, with ambient temperature set at 21°C, on a day:night cycle of 14:10 hours. All
individuals used in experiments were either F2-F4 lab-reared, 3-weeks post-eclosure, virgin at
the time of the experiment, and no siblings were paired for breeding experiments. To avoid
pseudoreplication, no individual was used in an experiment more than once.

Breeding Experiment
To understand whether the clypeal membrane plays a role in parent-to-parent and/or
parent-to-offspring communication during reproduction, we conducted factorial design breeding
experiments to explore reproductive behaviors (e.g carcass burial time) and brood success (e.g.
number of offspring, brood mass), respectively, in four different contexts:

1) occluded female with un-occluded male (“T1”, N = 33),
2) un-occluded female with occluded male (“T2”, N = 32),
3) both male and female occluded (“T3”, N = 28),
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4) both male and female un-occluded (“Control”, N = 30), and
5) Male or female (random) have nail polish painted on non-membranous head cuticle
(“Positive control”, N = 32).
Considering evidence that adult body size may affect larval mass, reproductive behavior,
and brood size (Bartlett & Ashworth 1988; Beeler et al. 2002; Bladon et al. 2020), male and
female pronotum width was measured with digital calipers (500 Series, IP67ABS Coolant-Proof
Caliper CD-PS/PM, MITUTOYO, Schaumburg, IL, USA) to the nearest 0.01mm to control for
body size effects. Beetles used for occluded treatments had their clypeal membrane covered by
painting clear nail polish (Salley Hansen® “Good. Kind. Pure. 101”) over the membrane to
reduce its flexibility and block potential sound reception, while still maintaining its continuity
and appearance. We used clear nail polish because it has a refractive index of approximately 1.4
(Doyle et al. 2008), which is comparable to chitin (1.4–1.6; Plotkin et al. 2010, Vargas et al.
2013) and the wax layer of insect integument (1.4; Libby et al. 2014).
For the breeding experiments, a male and female N. marginatus were randomly selected
from the lab colony, occluded according to the experimental treatments, and placed into a clear
acrylic container (Pioneer Plastics, Dixon, KY, USA;19.5 x 14.5 x 10.5cm) filled halfway with
moist peat moss (Premier 0262p Peat Moss). The pair was provided with a ~30g thawed mouse
carcass (RodentPro.com , Inglefield, IN, USA) to use as a reproductive resource, placed into the
®

container before adults were added. For each breeding, we recorded carcass burial time (latency
+ duration; min) and brood success (success [larvae dispersed] or fail [no larvae dispersed]), the
number of larvae dispersed, and final brood mass (g). Brood success (larval emergence), number
of dispersed larvae, and mass of dispersed larvae were used as a proxy for reproductive success
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(Hall et al. 2015, Keller et al. 2021, Reavey et al. 2014). Conditions for burial were controlled at
21°C and ~45% RH, with a 14:10 light:dark photoperiod to mimic summer breeding conditions.
After parents were placed in the breeding container, visual checks of burial progress were
conducted every 15 min until the carcass was completely below the soil surface. Final instars
(larvae that disperse from the carcass at ~2 weeks after beetles were exposed to carcasses) were
removed from the breeding containers, counted, and weighed as an entire brood to the nearest
0.01g on a digital weighing balance (Ohaus™ Scout Pro, Parsippany, NJ, USA). At the end of
each round, the substrate in the breeding containers was sifted through manually and the carcass
remains were dissected and examined to check for larvae. When the ~2 week breeding period
ended and larvae were processed, this constituted one round of breedings. The entire experiment
was repeated three times, for a total of four rounds.
All statistical analyses were conducted in R (R Development Core Team, 2017). We used
a multivariate approach to reduce the chance of Type I error by avoiding multiple univariate
tests, and to include multiple biologically relevant independent variables that may be influencing
the dependent variable. Linear models (lm function, stats package) were used to determine
variables most likely to predict brood mass (combined weight of dispersed larvae) and carcass
burial time. Tukey HSD tests were performed (lsmeans function, emmeans package, Lenth 2021)
to make pairwise comparisons among treatments for linear models. Generalized linear models
(glm function, stats package) were used to determine variables most likely to predict differences
in brood success (Binomial distribution) and number of larvae (Poisson distribution) among
treatments. The full models for determining differences in the number of larvae, brood mass, and
brood success among treatments included treatment, carcass weight, female pronotum width, and
male pronotum width (Appendix A-D). The best models were selected using the model selection
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function (model.sel function, MuMIn package, Barton 2020) and using AICc scores (sample size
corrected Akaike information criterion).

Confocal microscopy
To visualize the internal anatomy surrounding the clypeal membrane, heads of N.
americanus and N. marginatus were removed from live beetles while in 0.1M monobasic
phosphate buffer and placed in glutaraldehyde for preservation until microscopy. Confocal laser
microscopy (CLSM) was carried out using a Nikon A1R laser scanning Confocal Fluorescence
Microscope with the laser emission wavelengths set at red, green, and yellow. Images of internal
anatomy were visually compared to neural structures associated with tympana in other insect
taxa (specifically monodynal, mononematic Type 1 scolopidia illustrations, Gryllus bimaculatus,
Cyclochila australasiae, and Noctuoidea moths), described in Yack (2004).
Synchrotron Micro-CT Scanning
Synchrotron X-ray tomography was performed at the UFO imaging station of the KIT
light source. For each scan, 3,000 equiangularly-spaced radiographic projections were acquired
in a range of 180°. The frame rate was 70 frames per second, and a scan duration of
approximately 43 s. A parallel polychromatic X-ray beam was spectrally filtered by 0.2 mm Al
to obtain a peak at about 15 keV. The detector consisted of a thin, plan-parallel lutetium
aluminum garnet single crystal scintillator doped with cerium (LuAG:Ce), optically coupled via
a Nikon Nikkor 85/1.4 photo-lens to a pco.dimax camera with a pixel matrix of 2008 × 2008
pixels. The magnification of the optical system was adjusted to 10×, yielding an effective X-ray
pixel size of 1.22 µm (Dos Santos Rolo et al., 2014).
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Laser Vibrometry
Laser vibrometry was used to determine if the Nicrophorus clypeal membrane vibrates in
response to airborne sound. Laser vibrometry was carried out in May 2021 in the Bioacoustics
lab at the University of New Hampshire. We used a hot glue to mount beetles that had been
freshly killed (placed in a freezer for about 30 minutes) onto a mounting block. The mounting
block was fixed to a magnetic base, and the setup (laser and beetle) was positioned on a floated
table (Newport PG Series Sealed Hole Breadboard US patent 6,598,545). A loudspeaker
TM

mounted on a KES stand (Kirk Enterprise Solutions) was placed immediately adjacent to the
laser 7 cm from the beetle. Constant sound pressure levels (30 dB) across the applied frequency
range were ensured by calibration with a sound pressure meter (B&K Type 2250 LT) positioned
at the location of the clypeal membrane. The beetle was positioned so that the clypeal membrane
was perpendicular to, and 15 cm from, the projecting laser (Velo = 20, LP = 5, HP = N; Polytec
PDV 100 Portable Digital Vibrometer, Irvine CA). The translucent clypeal membrane was
lightly dusted with eye shadow (Mary Kay ChromaFusion® Eyeshadow, “Crystalline”) to
maximize reflectance.
Each beetle was subjected to three sound treatments: FM Sweep (200-8000Hz), White
noise (broadband), and control (no sound playback). The FM Sweep and White Noise trials
consisted of 11 seconds of sound playback, followed by 3 seconds of silence, repeated 5
times. Each sound trial was repeated at least 3 times for each beetle. The control treatment
consisted of one consecutive minute of no playback for each beetle. Laser vibrometer data was
recorded using a Tascam DR100 MK3 digital audio recorder and analyzed in Audacity (Version
®

3.0.2 copyright © 1999-2021 Audacity Team). We recorded the average frequency of the two
major peaks using the frequency analysis Plot Spectrum function in Audacity, as well as each
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peaks’ associated dB. Four N. marginatus (3 females and 1 male) and 12 N. americanus (3
females and 9 males) were tested using laser vibrometry.
Welch Two-Sample t-tests were calculated in R (R Development Core Team, 2017) to
make comparisons of average response frequencies between species and sexes. Frequency peak
averages and standard errors were calculated in Microsoft Excel (Excel Version 2102 Microsoft
365).

Results
Breeding Experiment
Multivariate analysis determined that treatment was the best variable to explain variation
in carcass burial time and brood mass, although we found no significant differences in carcass
burial time (R = 0.02, F
2

adj

4,154

= 1.86, P = 0.12; Fig. 1) or brood mass (R = -0.02, F
2

adj

4,111

= 0.37, P =

0.83; Fig. 2) among treatments.
There were no significant differences in number of dispersed larvae (Intercept Odds Ratio
(OR) = 21.61, Positive control OR = 0.88, T1 OR = 1.03, T2 OR = 1.03, T3 OR = 0.90, Carcass
weight OR = 0.99, Male pronotum width OR = 0.93, Fig. 3) or brood success among treatments
(Intercept Odds Ratio (OR) = 1841.58, Positive control OR = 1.15, T1 OR = 1.11, T2 OR = 1.08,
T3 OR = 1.49, Carcass weight OR = 0.82; Fig. 4).

Morphology of the Clypeal Membrane
The clypeal membrane of Nicrophorus species is elongated, soft and flexible when
probed, with physical characteristics similar to the tympana that are present in other insect taxa
(Fig. 5, Fig 6, Hoy & Robert 1996). For example, the clypeal membrane is an area of localized
thinning of the external cuticle. The membrane is translucent orange and is found between the
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labrum and the fronto-clypeal suture. The proportion of the clypeus that is occupied by the
membrane varies between species and sexes. In male N. americanus, the clypeal membrane
extends from the labrum to the fronto-clypeal suture, is asymmetrical and rectangular in shape,
and takes up almost the entirety of the clypeus. In female N. americanus, the clypeal membrane
is symmetrical, triangular in shape, and extends dorsally approximately halfway to the frontoclypeal suture (Fig. 7). In N. marginatus, the sexual dimorphism seen in N. americanus is less
evident; the clypeal membrane of males and females is shaped like an irregular pentagon, and
extends from the labrum dorsally ⅔ to ¾ the length of the clypeus (Fig 8). Micro-CT imaging
revealed that no muscles are attached to the clypeal membrane and we also did not record any
structures resembling nerves on the membrane itself. Cuticular pores are missing from the
membrane and common on adjacent cuticular areas, some of which correspond to setae.
Micro-CT and confocal imaging revealed a larger cluster of pores at the base of the
epistomal ridge that do not correspond to setae. Using confocal imaging we located this structure
at the dorsal limit of the clypeal membrane, and found that it resembles a scolopidium (as
described in Fig. 1b within Boekhoff-Falk and Eberl, 2013; Fig 9c and Fig. 10). As we observe
figure 9b, we see a potential sensory cell body (Sc), glial cells (g), and attachment cells (a)
extending dorsally towards the clypeal membrane. These structures were observed in both N.
americanus (Fig 9, Confocal microscopy) and N. marginatus (Fig. 10 and Fig. 11, Confocal
microscopy and Synchrotron-based Micro-CT, respectively). We also found that the clypeal
membrane is situated above a large portion of trachea and fat body (Fig. 9A and Fig. 11D).

Laser Vibrometry
During laser vibrometry trials, we found that the clypeal membrane vibrated in response
to airborne sound playback (Fig. 12). During the FM sweeps, the average frequency of the
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primary frequency peak was 336.49 ± 5.23 Hz (mean ± SE) with -49.08 ± 1.89 dB. However, the
majority of individuals (N = 12) displayed a primary peak between 170 - 240 Hz. The secondary
peak was much more variable, with an average of 981 ± 29.49 with -57.36 ± 2.15 dB. The most
common frequency of the secondary peak fell within the 910-1100 Hz range (N = 5). We found
no significant difference in primary peak frequency (Welch two-sample t-test: t = 1.31, df =
11.82. p = 0.21) or secondary peak frequency (t = -2.14, df = 4.75, p = 0.09) between species, or
between sexes (primary: t = -0.90, df = 10.51, p = 0.39; secondary: t = 0.80, df = 8.58, p = 0.45).
During white noise trials, the average frequency of the primary peak was 228.22 ± 1.05
Hz with -58.01 ± 0.80 dB. The average frequency of the secondary peak was 757.51 ± 7.85 Hz
with -69.17 ± 0.97 dB, with the most common secondary peak falling within the 400-425 Hz
range (N = 8). We found no significant difference in primary peak frequency (t = -0.27, df =
10.60, p = 0.79) or secondary peak frequency (t = -1.62, df = 3.34, p = 0.19) between species, or
between sexes (primary: t = 1.91, df = 5.90, p = 0.10; secondary: t = 0.38, df = 6.10, p = 0.71).
Overall, peak frequencies for both FM sweeps and white noise playbacks primarily fell within
four ranges: 170-255 Hz (most common), 400-425 Hz (second most common), 910-1100 Hz
(third most common), and 2100-2410 Hz (least common).
During control trials (no playback), 9 of the 16 individuals did not display any frequency
peaks. Of the individuals that did display a peak, the average frequency of the primary peak was
185.75 ± 8.13 Hz, with -52.04 ± 5.39 dB. Only one individual displayed a secondary peak during
control trials (537 Hz, -57.5dB).
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Discussion
Breeding Experiments
Occlusion of the clypeal membrane with clear nail polish does not seem to influence
carcass burial time, number of dispersed larvae, brood mass, or brood success. We believed that
blocking the clypeal membrane with nail polish would increase sound pressure thresholds
(although it is important to note that changes to sound pressure thresholds post-polish application
were not explicitly tested), similar to findings of Forrest et al. (1997) and reduce behavioral
responses to acoustic stimuli (Panneton et al. 2003). However, in tiger beetles and crickets,
different areas of the tympanum are more important than others for sound reception (Yager and
Spangler 1995; Nowotny et al. 2010). Considering the large, open-ended shape of the clypeal
membrane in Nicrophorus, perhaps focusing blockage application on specific areas would yield
more promising results. Additionally, the nail polish used was clear and matched the integument
almost exactly, and it was exceedingly difficult, even under a dissecting microscope, to
determine if the polish remained on the beetles for the entire reproductive process. While we felt
that it was important not to alter the visual characteristics of the membrane as not to influence
conspecific signaling (see Wormington and Luttbeg 2018), it may be pertinent for future studies
to remove or ablate the clypeal membrane in order to determine if it plays a role in
communication during reproduction.

Morphology of the Clypeal Membrane
Exploration of the physiological properties of the membrane, however, did yield
promising results. Insect tympanal hearing organs are characterized by an area of localized
thinning of the external cuticle, an associated internal air-filled space, and the presence of a
sensory organ (Hoy & Fay 2012). While we found the area of localized cuticle thinning and
potential sensory organ, it is unclear as to where the associated air-filled space or sac is located.
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These sacs can manifest in a diversity of morphologies and locations (Miller 1970; Yack 2004;
Robinson et al. 2002) and can sometimes occur in multiple locations on a single insect. There
appears to be empty space immediately underneath the clypeal membrane, and a large section of
trachea taking up much of the head capsule (Fig. 6a). This area also contains fat body, which
have been shown to be associated with tympanal hearing in fruit flies (Edgecomb et al. 1995)
and chordotonal organs in hemipterans (Nishino et al 2016), wetas (Lomas et al. 2012), and
hymenopterans (Mikó et al. 2019).
Further, the sensory organ we found resembles a chordotonal organ. Chordotonal organs
sense rapidly fluctuating pressures and can detect displacement of the cuticle. Each chordotonal
organ is comprised of one or more scolopidia, which are made up of four cell types arranged
linearly: 1) bipolar sensory neurons (each with a distal dendrite with modified cilium structure),
2) a scolopale cell that contains the sensory cell dendrite, 3) attachment cells at the distal region
of the scolopale cells, and 4) glial cell(s) surrounding the sensory neuron soma (Yack 2004). We
found potential scolopidia, glial cells, and attachment cells extending dorsally towards the
clypeal membrane, providing evidence that this structure may be a chordotonal organ. Future
studies may explore the potential of this structure as a chordotonal organ using a
neurophysiological tuning curve to determine if there is a neural correlate with acoustic stimuli,
similar to work done by Forrest et al. (1997), van Staaden & Römer (1998), and Kostarakos &
Römer (2010).
Figures 7 and 8 show that N. americanus exhibits stark sexual dimorphism in the clypeal
membrane, with the males exhibiting large rectangular membranes while females have smaller
and more triangular membranes. This dimorphism does not appear to be as prevalent in N.
marginatus. While we did not find any differences in vibrational response to airborne sound
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between species or sexes, this may be an interesting springboard for future studies. If the
dimorphism in N. americanus is related to airborne sound reception, perhaps membrane shape is
related to frequency filtering, with different sexes needing to ascertain different acoustic
information throughout their life history.

Laser Vibrometry
Finally, the strongest evidence supporting our hypothesis that the clypeal membrane
functions as an ear was that the clypeal membrane vibrates in response to airborne sounds, with
consistent responses in lower frequencies (170-425 Hz), but with peaks in mid- (910-1100 Hz)
and high-frequency (2100-2410 Hz) ranges. In chapter 2, we found that Nicrophorus beetles
generated sound that varied in range from approximately 160-1700 Hz, depending on behavioral
context, which is consistent with the frequencies at which the membrane responded to during
laser vibrometry trials. Using a laser vibrometer to determine if a structure is a tympanum
(Hummel et al 2011; Kleindienst et al. 1983), and to determine the resonant frequencies of
tympana (Nowotny et al. 2010; Michaelson et al 2004; Spangler & Takessian 1983) is used
frequently in the literature, so we are confident that these findings, along with morphological
evidence collected during this experiment, provides strong evidence that the clypeal membrane
may be acting as an airborne sound receptor in Nicrophorus.

55

Figures

Figure 1. Box-and-whisker plot showing carcass burial time of N. marginatus among treatments.
Upper and lower vertical lines represent maximum and minimum data points, respectively,
excluding outliers. Boxes above and below median line represent the upper and lower quartile of
the data, respectively. +Control = positive control, randomly selected individuals within a pair
had non-membranous head cuticle painted. F=female, M=male. Occluded = clypeal membrane
painted with clear nail polish.
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Figure 2. Box-and-whisker plot showing the number of dispersed larvae of N. marginatus among
treatments. Upper and lower vertical lines represent maximum and minimum data points,
respectively, excluding outliers. Boxes above and below median line represent the upper and
lower quartile of the data, respectively. +Control = positive control, randomly selected
individuals within a pair had non-membranous head cuticle painted. F=female, M=male.
Occluded = clypeal membrane painted with clear nail polish.
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Figure 3. Box and whisker plot showing the brood mass of N. marginatus among treatments.
Upper and lower vertical lines represent maximum and minimum data points, respectively,
excluding outliers. Boxes above and below median line represent the upper and lower quartile of
the data, respectively. +Control = positive control, randomly selected individuals within a pair
had non-membranous head cuticle painted. F=female, M=male. Occluded = clypeal membrane
painted with clear nail polish.
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Figure 4. Bar chart indicating proportion of N. marginatus brood successes (blue) versus failures
(red) among treatments. Occluded = clypeal membrane painted with clear nail polish. Positive
control = nail polish painted on non-membranous head cuticle.
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Figure 5. Brightfield micrograph of the lower head region in Nicrophorus americanus male
showing the clypeal membrane (orange cuticle).
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Figure 6. Brightfield micrographs showing the flexibility of the dorsally extended clypeal
membrane of N. marginatus. A: Clypeal membrane with no pressure applied. B-F: light pressure
applied with forceps to five areas along the dorsal margin of the membrane.
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Figure 7. Brightfield images showing a comparison of N. americanus male (A-D) and female (EH) clypeal membranes, and within-sex variation of membrane morphology. Images collected
from specimens in the University of New Hampshire’s insect collection.
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Figure 8. Brightfield images showing a comparison of N. marginatus male (A-D) and female (EH) clypeal membranes, and within-sex variation of membrane morphology. Images collected
from specimens in the University of New Hampshire’s insect collection.
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Figure 9. Confocal image of Nicrophorus americanus’s clypeal membrane (A) and presumed
chordotonal organ (B and C). Sc = potential sensory cell body, g = potential glial cells, a =
potential attachment cells. Fixed in glutaraldehyde.
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Figure 10. Confocal image of Nicrophorus marginatus internal anatomy associated with the
clypeal membrane. A. Lateral cross section of dorsal anterior portion of the head, showing the
clypeal membrane (cm) and associated internal anatomy. B. The dorsal limit of the clypeal
membrane containing a nerve cell (nc) innervating the epistomal ridge (er) and terminating at a
dendritic cap (*) at the surface of the cuticle. C. Enlarged view of the epistomal ridge. D. Fat
body (fb) ventrally adjacent to the clypeal membrane. E. Enlarged view of the dendritic cap on
the surface of the cuticle. Fixed in ethanol. bl = basal lamina, arrows indicate cuticular canals
associated with the nerve cell.
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Figure 11. Micro-CT images showing a lateral view of a female Nicrophorus marginatus’s
internal anatomy associated with the clypeal membrane (A and B). C and D. Enlarged view of
the cuticular canals (arrows) containing the nerve cell innervating the epistomal ridge (er). Fixed
in ethanol. er = epistomal ridge, cm = clypeal membrane, tr = trachea, man = mandible, mus =
muscle fibers, fb = fat body.
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Fig. 12. A: Wave form (gray horizontal bar) and spectrogram (pink horizontal bar) of clypeal
membrane vibration in response to an FM Sweep (200-8000Hz). B: Spectrum plot showing
frequency peaks, with the highest being the dominant frequency. Top white horizontal bar shows
time scale in seconds.
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CHAPTER 4
Changes in Nicrophorus brain morphology in response to different thermal and social
contexts
Introduction
Different thermal and social environments have the potential to affect insect behavior by
altering neural development and sensory-input centers in insect brains. One commonly studied
group of sensory input centers, the mushroom bodies, are paired structures associated with
olfactory learning, memory, and motor output (Heisenberg 2003), and have been linked to
courtship (Joiner and Griffith 1999; McBride et al. 1999), visual learning (Liu et al. 1999), motor
control (Martin et al. 1998; Otto 1971), and sound production (Huber 1962). Sensory input
centers like the mushroom body can experience morphological changes depending on the
different abiotic and biotic conditions an insect faces throughout adulthood.
One abiotic factor that is known to influence insect brain development is temperature. For
example, honey bee queens (Apis mellifera) raised in natural brood chamber temperatures had
significantly higher densities of microglomeruli (synaptic complexes in the mushroom body that
function as sensory-input centers) than bees raised one degree hotter or cooler (Groh et al. 2004).
Further, lower temperatures during pupal development resulted in higher microglomeruli
densities and changes to mushroom body volume in honey bee queens, perhaps because they
evolved to withstand greater thermal fluctuation during development than other castes (Groh et
al. 2006). However, very few studies have examined how daily thermal fluctuation (rather than
different constant temperatures during pupal development) affect adult insect brain
neuroarchitecture post-eclosure.
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Insect brain neuroarchitecture grows and changes through adulthood (Groh et al. 2006;
Krofczik et al. 2008; Hourcade et al. 2010). For example, as a honey bee queen ages, it will
experience changes in microglomeruli densities (Groh et al. 2006) and mushroom body volume
(Durst et al. 1994). Brain morphology can also be changed through behavior; more complex,
natural foraging environments and increased conspecific interactions result in increased
microglomeruli density and mushroom body volume in adult honey bees (Krofczik et al. 2008).
The development of long-term memories in adult insects through operant conditioning also
increases microglomeruli density (Hourcade et al. 2010). Further, crickets that experience
enriched (compared to impoverished) environments during adulthood have an increased number
of interneurons in their integrative brain structure (Lomassese et al. 2000).
Neuroarchitectural changes do not solely occur in the mushroom bodies. The antennal
glomerulus is the terminal neuropil of the antennal lobe consisting of several gomeruli (discrete
spheres of synaptic neuropil), and is typically associated with the processing of olfactory
information. Studies have shown that antennal glomerulus volume changes depending on honey
bee task, age, and caste (Winnington et al. 1996, Brown et al. 2002, Arnold et al. 1985), and
olfactory learning increases antennal glomerulus volume (Arenas et al. 2012).
Although many studies have been done to examine how different abiotic and biotic
factors influence different parts of the brain, very few have observed how different abiotic and
biotic environments affect overall brain volume in insects. Gowda and Gronenberg (2019) found
that brain size scales with body size across different species of bees, and different species have
enhanced different areas of the brain likely because of differing ecology. Insects generally have
the same ratio of the total neuropil volume to brain volume (Polilov and Makarova 2020) and
larger brains or brain components are usually comprised of more and/or larger neurons
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(Herculano-Houzel et al. 2014), so measuring overall brain volume may be useful in determining
how different thermal and social environments affect adult insect neuroarchitecture.
Considering the large body of literature surrounding how different thermal and
behavioral contexts influence neuroarchitecture in other insects, and considering the importance
of temperature and parent-to-parent interaction in burying beetle breeding ecology, it is possible
that Nicrophorus brain morphology (specifically, full brain volume and antennal glomerulus
volume) may change in response to thermal and social pressures. To test this hypothesis, we
conducted a series of investigations to evaluate a) how female N. americanus brain
morphometrics change in response to differing magnitudes of daily thermal fluctuation, and b)
how female N. marginatus brain morphometrics change in response to having their and/or their
mates’ stridulatory capabilities removed. If different thermal regimes affect N. americanus brain
morphology, we expect that higher magnitudes of thermal fluctuation (more thermal stress) will
result in lower brain volumes. Additionally, if differing social contexts affect N. marginatus
brain morphology, we expect that removing the ability to communicate in one or both adults will
result in lower brain volumes.

Methods
The heads used for brain volume analysis were N. americanus (Control N = 2, 3°C
Fluctuation N = 4, 6°C Fluctuation N = 4) and N. marginatus (Control N = 3, Male silenced N =
3, Both sexes silenced N = 3) adult females that were used in experiments described in Chapters
1 and 2. Considering sexual dimorphism has been observed in the brain morphology of ants
(Nishikawa et al. 2008), only females brains were analyzed to minimize confounding variables.
Details of capture, rearing, maintenance, and experimental treatments used are described in
chapters above.
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After breeding experiments, live beetles were decapitated and their heads were placed
into 70% ethanol in eppendorf tubes for storage until staining. Prior to staining, heads rinsed
with 70% ethanol then placed into iodine tincture (CVS Health Iodine Tincture USP, 1 OZ) for a
minimum of 5 weeks. After staining was complete, heads were lightly rinsed with 70% ethanol
then placed in a fresh eppendorf tube filled with 70% ethanol gel (CVS Health Advanced Hand
Sanitizer) to suspend heads and prevent movement during scanning. Scans were completed
using a Micro Computed Tomography System (µCT) (Zeiss Versa 610 X-Ray Microscope).
The voltage used was always 40kV, the power was 3.0W, a 0.4X objective was used, binning
was 4, exposure time was 20 s, a LE1 filter was used, 2401 projections were collected, and the
detector was always positioned 332 mm from the sample tube (its maximum possible distance
from the sample). The field of view, pixel size, and x-ray source distance varied at about 3.4mm
square, 6.7 um, and 17 mm, respectively.
3D rendering (Fig. 1), brain volume analysis and antennal glomerulus measurements
were completed in FIJI, using the segmentation editor plugin to quantify the area of individual
slices, then summing the area and multiplying the sum by the distance between slices. All
statistical analyses were conducted in R (R Development Core Team, 2017). We used a
multivariate approach to reduce the chance of Type I error by avoiding multiple univariate tests,
and to include multiple biologically relevant independent variables that may be influencing the
dependent variable. Linear models (lm function, stats package) were used to determine variables
most likely to predict overall brain volume and antennal glomerulus volume. Full models
included brain volume or antennal glomerulus volume, number of larvae, and pronotum width
(to control for body size effects). Tukey HSD tests were performed (lsmeans function, emmeans
package, Lenth 2021) to make pairwise comparisons among treatments for linear models.
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Results
Social Contexts and Brain Morphology
Multivariate analysis determined that the number of larvae dispersed and treatment best
predicted brain volume (Appendix 4A). N. marginatus brain volume significantly differed
among treatments (F3,5 = 8.33, R2 ad = 0.73, P = 0.02, Fig. 2). Tukey post hoc tests determined
j

that N. marginatus brains in control treatments were larger than brains in the treatment where
both sexes were silenced (Estimate = 4.42, SE = 1.29, df = 5, P = 0.04). Brains from the
treatment where only males were silenced also had larger volumes than brains in the treatment
where both sexes were silenced (Estimate = 6.00, SE = 1.44, df = 5, P = 0.02). When all
treatments were analyzed together, there was a trend for smaller brain volumes as the number of
dispersed larvae increased, but the trend was not significant (F1,7 = 1.92, R2 adj = 0.10, P = 0.21,
Fig. 3). There were no significant differences in antennal glomerulus volume among treatments
(F2,6 = 0.46, R2

adj

= -0.16, P = 0.65, Fig. 4).

Thermal Variation and Brain Morphology
Multivariate analysis determined that treatment best predicted N. americanus brain
volume (Appendix 4B). We found significant differences in N. americanus brain volume among
treatments (F2,7 = 7.81, R2 ad = 0.60, P = 0.02, Fig. 5). Tukey post-hoc tests indicated that Control
j

(no thermal fluctuation) females had significantly larger brain volumes than brains exposed to
3°C thermal fluctuation (Estimate = 4.86, SE = 1.62, df = 7, P = 0.045). Interestingly, brains
exposed to 3°C thermal fluctuation had significantly smaller volumes than brains exposed to 6°C
thermal fluctuation (Estimate = -4.71, SE = 1.32, df = 7, P = 0.02). There were no significant
differences in antennal glomeruli volume among treatments (F2,7 = 0.24, R2 ad = -0.20, P = 0.80,
j

Fig. 6).
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Discussion
Social Contexts and Brain Morphology
We found that N. marginatus brain volume increased as communicative ability increased.
This is consistent with studies that show that insect brain regions increase in volume and
neuronal density when exposed to more socially and structurally enriched environments
(Lomassese et al. 2000, Krofczik et al. 2008, Hourcade et al. 2010). This is the first study in our
knowledge to show that conspecific communication influences brain development and
morphology in beetles.
Communication and thermal fluctuation had no effect on antennal glomerulus volume,
which is consistent with studies that show antennal glomerulus volume is associated with
olfactory learning, caste, and age in honey bees (Arenas et al. 2012, Winnington et al. 1996,
Arnold et al. 1985, Brown et al. 2002). We did not expect that the antennal glomerulus was
involved in communication and thermal response in Nicrophorus but wanted to measure it
because it is easily quantifiable and we wanted to see if changes in antennal glomerulus volume
were driving the changes in overall brain volume. While insects generally have the same ratio of
the total neuropil volume to brain volume (on average, the neuropil is 60.5% +/- 5.7 of the total
brain volume, Polilov and Makarova 2020), and considering the mushroom body is typically
associated with social interaction and learning, changes to the mushroom body volume are likely
attributing to overall brain volume changes in this study. However, further exploration is needed
to determine which area of the brain is impacted by conspecific communication in beetles.

Thermal Variation and Brain Morphology
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Daily thermal fluctuation during adulthood affects brain volume in N. americanus. We
found that small amounts of thermal fluctuation decrease brain volume, while larger magnitudes
of thermal fluctuation seem to have extremely variable impacts in brain volume. Falibene et al.
(2016) found that ant pupae that were exposed to natural daily thermal fluctuation had higher
densities of microglomeruli in the mushroom body calyces than those exposed to constant
temperatures, or when exposed to thermal fluctuation of higher or lower magnitudes than
temperatures experienced in situ. Perhaps our high fluctuation treatment (6°C fluctuation) more
closely mimicked preferred N. americanus conditions, resulting in higher brain volumes on
average than the low fluctuation treatment. As mentioned in Chapter 1, N. americanus is likely
experiencing a much greater magnitude of thermal fluctuation in the wild than those tested in this
study, depending on microhabitat selection and brood chamber depth in the soil. N. americanus
may rely on neuronal plasticity in a variable thermal environment to overcome thermal
challenges, but a larger sample size and wider breadth of temperature treatments are needed to
explore this phenomenon.
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Figures

Figure 1. 3D micro-CT image of the brain of a female Nicrophorus marginatus. SPZ:
supraesophageal zone, SEZ: subesophageal zone, E: esophagus, OL: optic lobe.
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Figure 2. Box-and-whisker plot showing the differences in female Nicrophorus marginatus brain
volume among treatments. Black dots represent individual brains.
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Figure 3. Scatterplot showing relationship between female Nicrophorus marginatus brain
volume compared to how many larvae dispersed from each females’ brood. Shaded area = 95%
confidence interval.
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Figure 4. Box-and-whisker plot showing the differences in female Nicrophorus marginatus
antennal glomerulus volume among treatments. Black dots represent individual brains.
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Figure 5. Box-and-whisker plot showing the differences in female Nicrophorus americanus brain
volume among treatments. Black dots represent the volume of individual brains.
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Figure 6. Box-and-whisker plot showing the differences in female Nicrophorus americanus
antennal glomerulus volume among thermal fluctuation treatments. Black dots represent
individual brains.

81

References

Abram, P.K., Boivin, G., Moiroux, J. and Brodeur, J. 2017. Behavioural effects of temperature
on ectothermic animals: unifying thermal physiology and behavioural plasticity.
Biological Reviews 92(4): 1859—1876.
Albert, J. T., Nadrowski, B., and Göpfert, M. C. 2007. Mechanical signatures of transducer
gating in the Drosophila ear. Current Biology 17(11): 1000—1006.
Alexander, R. D., and Moore, T. E. 1958. Studies on the acoustical behavior of seventeen-year
cicadas (Homoptera: Cicadidae: Magicicada). Variation in Heliopsis 58(2): 107—127
Alexander, R. D., Moore, T. E., and Woodruff, R. E. 1963. The evolutionary differentiation of
stridulatory signals in beetles (Insecta: Coleoptera). Animal Behaviour 11(1): 111—115
Arenas, A., Giurfa, M., Sandoz, J.C., Hourcade, B., Devaud, J.M. and Farina, W.M. 2012. Early
olfactory experience induces structural changes in the primary olfactory center of an
insect brain. European Journal of Neuroscience 35(5): 682—690.
Arnold, G., Masson, C. and Budharugsa, S. 1985. Comparative study of the antennal lobes and
their afferent pathway in the worker bee and the drone (Apis mellifera). Cell and Tissue
Research 242(3): 593—605.
Ball, E. E., and Hill, K. G. 1978. Functional development of the auditory system of the cricket,
Teleogryllus commodus. Journal of comparative physiology 127(2): 131—138.
Barker, J. F., and Herman, W. S. 1976. Effect of photoperiod and temperature on reproduction of
the monarch butterfly, Danaus plexippus. Journal of Insect Physiology 22(12): 1565—
1568.
Bartlett, J., and Ashworth, C. M. 1988. Brood size and fitness in Nicrophorus vespilloides
(Coleoptera: Silphidae). Behavioral Ecology and Sociobiology 22(6): 429—434.
82

Barton, K. 2020. MuMIn: Multi—Model. Inference. R package version 1.43.17.https://CRAN.Rproject.org/package=MuMIn
Beeler, A. E., Rauter, C. M., and Moore, A. J. 2002. Mate discrimination by females in the
burying beetle Nicrophorus orbicollis: the influence of male size on attractiveness to
females. Ecological Entomology 27(1): 1—6.
Bladon, E. K., English, S., Pascoal, S., and Kilner, R. M. 2020. Early‐life effects on body size in
each sex interact to determine reproductive success in the burying beetle Nicrophorus
vespilloides. Journal of Evolutionary Biology 33(12): 1725—1734.
Brakefield, P. M., and Mazzotta, V. 1995. Matching field and laboratory environments: effects of
neglecting daily temperature variation on insect reaction norms. Journal of Evolutionary
Biology 8(5): 559—573.
Brown, S.M., Napper, R.M., Thompson, C.M. and Mercer, A.R. 2002. Stereological analysis
reveals striking differences in the structural plasticity of two readily identifiable
glomeruli in the antennal lobes of the adult worker honeybee. Journal of Neuroscience
22(19): 8514—8522.
Buchler, E. R., Wright, T. B., and Brown, E. D. 1981. On the functions of stridulation by the
passalid beetle Odontotaenius disjunctus (Coleoptera: Passalidae). Animal Behaviour
29(2): 483—486.
Carisio, L., Palestrini, C., and Rolando, A. 2004. Stridulation variability and morphology: an
examination in dung beetles of the genus Trypocopris (Coleoptera, Geotrupidae).
Population Ecology 46(1): 27—37.

83

Carroll, A. L., and Quiring, D. T. 1993. Interactions between size and temperature influence
fecundity and longevity of a tortricid moth, Zeiraphera canadensis. Oecologia 93(2):
233—241.
Claridge, M. F. 1974. Stridulation and defensive behaviour in the ground beetle, Cychrus
caraboides (L.). Journal of Entomology Series A, General Entomology 49(1): 7—15.
Colinet, H., and Hance, T. 2009. Male reproductive potential of Aphidius colemani
(Hymenoptera: Aphidiinae) exposed to constant or fluctuating thermal regimens.
Environmental Entomology 38(1): 242—249.
Conner, W. E. 2014. Adaptive sounds and silences: acoustic anti-predator strategies in insects,
pp. 65—79. In Insect Hearing and Acoustic Communication. Springer, Berlin,
Heidelberg.
Dirrigl Jr, F. J., and Perrotti, L. 2014. Taphonomic study of Japanese quail (Coturnix japonica)
bone modification resulting from the burial and feeding behavior of the American
burying beetle (Nicrophorus americanus). International Journal of Osteoarchaeology
24(3): 272—278.
dos Santos Rolo, T., Ershov, A., van de Kamp, T. and Baumbach, T., 2014. In vivo X-ray cinetomography for tracking morphological dynamics. Proceedings of the National Academy
of Sciences 111(11): 3921—3926.
Doyle, K., Hogan, J., Lester, M., and Collier, S. 2008. The Frizzled planar cell polarity signaling
pathway controls Drosophila wing topography. Developmental Biology 317(1): 354—
367.
Dregne, H. E. 1977. Desertification in the United States. Natural Resources 13(2): 10—13.

84

DuPorte, E. M. 1946. Observations on the morphology of the face in insects. Journal of
Morphology 79(3): 371—417.
Durst, C., Eichmüller, S. and Menzel, R. 1994. Development and experience lead to increased
volume of subcompartments of the honeybee mushroom body. Behavioral and Neural
Biology, 62(3): 259—263.
Edgecomb, R.S., Robert, D., Read, M.P. and Hoy, R.R. 1995. The tympanal hearing organ of a
fly: phylogenetic analysis of its morphological origins. Cell and Tissue Research 282(2):
251—268.
Eggert, A. K., Reinking, M., and Müller, J. K. 1998. Parental care improves offspring survival
and growth in burying beetles. Animal Behaviour 55(1): 97—107.
Fabre, J. H. 1913. Les Merveilles de l'instinct chez les insectes. Delagrave, Paris.
Falibene, A., Roces, F., Rössler, W. and Groh, C. 2016. Daily thermal fluctuations experienced
by pupae via rhythmic nursing behavior increase numbers of mushroom body
microglomeruli in the adult ant brain. Frontiers in Behavioral Neuroscience 10: 73.
Fetherston, I., Scott, M. P., Traniello, J. F. A. 1990. Parental care in burying beetles: male and
female roles and the organization of brood care behaviors. Ethology 85: 177–90
Field, L. H., and Matheson, T. 1998. Chordotonal organs of insects. In Advances in Insect
Physiology. Academic Press. 27: 1—228.
Forrest, T. G., Read, M. P., Farris, H. E., and Hoy, R. R. 1997. A tympanal hearing organ in
scarab beetles. Journal of Experimental Biology 200(3): 601—606.
Frings, H., and Frings, M. 1958. Uses of sounds by insects. Annual Review of Entomology 3(1):
87—106.

85

Gilbert, N., and Raworth, D. A. 1996. Insects and temperature—a general theory. The Canadian
Entomologist 128(1): 1—13.
Gowda, V. and Gronenberg, W. 2019. Brain composition and scaling in social bee species
differing in body size. Apidologie 50(6): 779—792.
Groh, C., Ahrens, D. and Rössler, W. 2006. Environment-and age-dependent plasticity of
synaptic complexes in the mushroom bodies of honeybee queens. Brain, behavior and
evolution 68(1): 1—14.
Gruntenko, N. E., Bownes, M., Terashima, J., Sukhanova, M. Z., and Raushenbach, I. Y. 2003.
Heat stress affects oogenesis differently in wild‐type Drosophila virilis and a mutant with
altered juvenile hormone and 20‐hydroxyecdysone levels. Insect Molecular Biology
12(4): 393—404.
Hagstrum, D. W., and Milliken, G. A. 1988. Quantitative analysis of temperature, moisture, and
diet factors affecting insect development. Annals of the Entomological Society of
America 81(4): 539—546.
Hall, C. L. 2011. Burying beetle bioacoustics: The role of sound in intra-and interspecific
communication in Nicrophorus (Coleoptera: Silphidae). Dissertation: Idaho State
University.
Hall, C. L., Howard, D. R., Smith, R. J., and Mason, A. C. 2015. Marking by elytral clip changes
stridulatory characteristics and reduces reproduction in the American burying beetle,
Nicrophorus americanus. Journal of insect conservation 19(1): 155—162.
Hall, C. L., Mason, A. C., Howard, D. R., Padhi, A., and Smith, R. J. 2013. Description of
acoustic characters and stridulatory pars stridens of Nicrophorus (Coleoptera: Silphidae):

86

A comparison of eight North American species. Annals of the Entomological Society of
America 106(5): 661—669.
Harrison, L. 2021. Thermal ecology and plasticity in the burying beetle, Nicrophorus orbicollis:
An Observational Field Study (Doctoral dissertation).
Herculano‐Houzel, S. 2014. The glia/neuron ratio: how it varies uniformly across brain
structures and species and what that means for brain physiology and evolution. Glia
62(9): 1377—1391.
Hill, P.S.M. 2008. Vibrational Communication in Animals. Cambridge: Harvard University
Press.
Hiltpold, I., Johnson, S. N., Bayon, R. C. L., and Nielsen, U. N. 2017. Climate change in the
underworld: impacts for soil-dwelling invertebrates. Global Climate Change and
Terrestrial Invertebrates 11:201—228.
Hirschberger, P. 2001. Stridulation in Aphodius dung beetles: Behavioral context and
intraspecific variability of song patterns in Aphodius ater (Scarabaeidae). Journal of
insect behavior 14(1): 69—88.
Hoy, R. R., and Robert, D. 1996. Tympanal hearing in insects. Annual review of entomology,
41(1): 433—450.
Hoy, R.R. and Fay, R.R. eds., 2012. Comparative Hearing: Insects (Vol. 10). Springer Science
and Business Media.
Huerta, C., Halffter, G., and Fresneau, D. 1992. Inhibition of stridulation in Nicrophorus
(Coleoptera: Silphidae): consequences for reproduction. Elytron 6: 151—157.

87

Huetteroth, W. and Schachtner, J. 2005. Standard three-dimensional glomeruli of the Manduca
sexta antennal lobe: a tool to study both developmental and adult neuronal plasticity. Cell
and Tissue Research 319(3): 513—524.
Johnson, C.A., Coutinho, R.M., Berlin, E., Dolphin, K.E., Heyer, J., Kim, B., Leung, A.,
Sabellon, J.L. and Amarasekare, P., 2016. Effects of temperature and resource variation
on insect population dynamics: the bordered plant bug as a case study. Functional
Ecology 30(7): 1122—1131.
Jourdan, J., Baranov, V., Wagner, R., Plath, M., and Haase, P. 2019. Elevated temperatures
translate into reduced dispersal abilities in a natural population of an aquatic insect.
Journal of Animal Ecology 88(10): 1498—1509.
Kasper, J., and Hirschberger, P. 2005. Stridulation in Aphodius dung beetles: songs and
morphology of stridulatory organs in North American Aphodius species (Scarabaeidae).
Journal of Natural History 39(1): 91—99.
Kingsolver, J. G., Moore, M. E., Hill, C. A., and Augustine, K. E. 2020. Growth, stress, and
acclimation responses to fluctuating temperatures in field and domesticated populations
of Manduca sexta. Ecology and Evolution 10(24): 13980—13989.
Kingsolver, J. G., Ragland, G. J., and Diamond, S. E. 2009. Evolution in a constant environment:
thermal fluctuations and thermal sensitivity of laboratory and field populations of
Manduca sexta. Evolution 63(2): 537—541.
Kiritani, K. 2013. Different effects of climate change on the population dynamics of insects.
Applied Entomology and Zoology 48(2): 97—104.
Kleindienst, H. U., Wohlers, D. W., and Larsen, O. N. 1983. Tympanal membrane motion is
necessary for hearing in crickets. Journal of Comparative Physiology 151(4): 397—400.

88

Kostarakos, K., and Römer, H. 2010. Sound transmission and directional hearing in field
crickets: neurophysiological studies outdoors. Journal of Comparative Physiology 196(9):
669—681.
Le Houérou, H. N. 1996. Climate change, drought and desertification. Journal of Arid
Environments 34(2): 133—185.
Leasure, D. R., Rupe, D. M., Phillips, E. A., Opine, D. R., and Huxel, G. R. 2012. Efficient new
above-ground bucket traps produce comparable data to that of standard transects for the
endangered American burying beetle, Nicrophorus americanus Olivier (Coleoptera:
Silphidae). The Coleopterists Bulletin 66(3): 209—218.
Lemoine, N. P., Burkepile, D. E., and Parker, J. D. 2014. Variable effects of temperature on
insect herbivory. PeerJ 2: e376.
Lenth 2021. emmeans: Estimated Marginal Means, aka Least-Squares Means. R package version
1.7.0. https://CRAN.R-project.org/package=emmeans
Libby, E., D. E. Azofeifa, M. Hernández-Jiménez, C. Barboza-Aguilar, A. Solís, I. GarcíaAguilar, L. Arce-Marenco, A. Hernández, and W. E. Vargas. 2014. Light reflection by
the cuticle of C. aurigans scarabs: a biological broadband reflector of left handed
circularly polarized light. Journal of Optics 16(8): 082001.
Lomas, K.F., Greenwood, D.R., Windmill, J.F., Jackson, J.C., Corfield, J. and Parsons, S. 2012.
Discovery of a lipid synthesising organ in the auditory system of an insect. Plos One
7(12): p.e51486.
Ma, C. S., Ma, G., and Pincebourde, S. 2021. Survive a warming climate: insect responses to
extreme high temperatures. Annual Review of Entomology 66: 163—184.

89

Marshall, K. E., and Sinclair, B. J. 2010. Repeated stress exposure results in a survival–
reproduction trade-off in Drosophila melanogaster. Proceedings of the Royal Society B:
Biological Sciences 277(1683): 963—969.
Masters, W. M. 1980. Insect disturbance stridulation: characterization of airborne and vibrational
components of the sound. Journal of comparative Physiology 135(3): 259—268.
McMillan, D. M., Fearnley, S. L., Rank, N. E., and Dahlhoff, E. P. 2005. Natural temperature
variation affects larval survival, development and Hsp70 expression in a leaf beetle.
Functional Ecology 19(5): 844—852.
Merrick, M. J., and Smith, R. J. 2004. Temperature regulation in burying beetles (Nicrophorus
spp.: Coleoptera: Silphidae): effects of body size, morphology and environmental
temperature. Journal of Experimental Biology 207(5): 723—733.
Mhatre, N., Malkin, R., Deb, R., Balakrishnan, R., and Robert, D. 2017. Tree crickets optimize
the acoustics of baffles to exaggerate their mate-attraction signal. Elife 6: e32763.
Michelsen, A., Popov, A. V., and Lewis, B. 1994. Physics of directional hearing in the cricket
Gryllus bimaculatus. Journal of Comparative Physiology A 175(2): 153—164.
Miller, L. A. 1970. Structure of the green lacewing tympanal organ (Chrysopa carnea,
Neuroptera). Journal of Morphology 131(4): 359—382.
Milne, L. J. and Milne, M. J. 1944. Notes on the behavior of burying beetles (Nicrophorus spp.).
Journal of the New York Entomological Society 52: 311—327.
Milne, L. J., and Milne, M. 1976. The social behavior of burying beetles. Scientific American
235(2): 84—89.

90

Murray, T. J., Tissue, D. T., Ellsworth, D. S., and Riegler, M. 2013. Interactive effects of preindustrial, current and future [CO 2] and temperature on an insect herbivore of
Eucalyptus. Oecologia 171(4): 1025—1035.
Musolin, D. L. 2007. Insects in a warmer world: ecological, physiological and life‐history
responses of true bugs (Heteroptera) to climate change. Global Change Biology 13(8):
1565—1585.
Niehaus, A. C., Angilletta Jr, M. J., Sears, M. W., Franklin, C. E., and Wilson, R. S. 2012.
Predicting the physiological performance of ectotherms in fluctuating thermal
environments. Journal of Experimental Biology 215(4): 694—701.
Nishikawa, M., Nishino, H., Misaka, Y., Kubota, M., Tsuji, E., Satoji, Y., Ozaki, M. and
Yokohari, F. 2008. Sexual dimorphism in the antennal lobe of the ant Camponotus
japonicus. Zoological Science 25(2): 195—204.
Nishino, H., Mukai, H. and Takanashi, T. 2016. Chordotonal organs in hemipteran insects:
unique peripheral structures but conserved central organization revealed by comparative
neuroanatomy. Cell and Tissue Research 366(3): 549—572.
Nisimura, T., Kon, M., and Numata, H. 2002. Bimodal life cycle of the burying beetle
Nicrophorus quadripunctatus in relation to its summer reproductive diapause. Ecological
Entomology 27(2): 220—228.
Nowotny, M., Hummel, J., Weber, M., Möckel, D., and Kössl, M. 2010. Acoustic-induced
motion of the bushcricket (Mecopoda elongata, Tettigoniidae) tympanum. Journal of
Comparative Physiology A 196(12): 939—945.
Oester, P. T., Ryker, L. C., and Rudinsky, J. A. 1978. Complex male premating stridulation of
the bark beetle Hylurgops rugipennis (Mann.). The Coleopterists' Bulletin 93—98.

91

Owen, W. B. 1985. Morphology of the head skeleton and muscles of the mosquito, Culiseta
inornata (Williston) (Diptera: Culicidae). Journal of Morphology 183(1): 51—85.
Panneton, B. E., Sprague, M. W., Kalmus, G. W., Charles, T. M., and Daniel, H. J. 2003.
Hearing organs and acoustic startle response behavior in the tiger beetle Megacephala
carolina carolina (Coleoptera: Carabidae). Journal of the North Carolina Academy of
Science 119(4): 150—156.
Petersen, C. R., Woods, H. A., and Kingsolver, J. O. E. L. G. 2000. Stage‐specific effects of
temperature and dietary protein on growth and survival of Manduca sexta caterpillars.
Physiological Entomology 25(1): 35—40.
Phillips, M. E., Chio, G., Hall, C. L., ter Hofstede, H. M., and Howard, D. R. 2020. Seismic
noise influences brood size dynamics in a subterranean insect with biparental care.
Animal Behaviour 161: 15—22.
Plotkin, M., Hod, I., Zaban, A., Boden, S. A., Bagnall, D. M., Galushko, D., and Bergman, D. J.
2010. Solar energy harvesting in the epicuticle of the oriental hornet (Vespa orientalis).
Naturwissenschaften 97(12): 1067—1076.
Polilov, A.A. and Makarova, A.A. 2020. Constant neuropilar ratio in the insect brain. Scientific
Reports 10(1): 1—7.
Prager, J. 1976. Das mesothorakale Tympanalorgan von Corixa punctata Ill.(Heteroptera,
Corixidae). Journal of Comparative Physiology 110(1): 33—50.
Pukowski, E. 1933. Ökologische untersuchungen an Necrophorus F. Zeitschrift für Morphologie
und Ökologie der Tiere 27: 518—586.

92

Quinby, B. M., Belk, M. C., and Creighton, J. C. 2020. Behavioral constraints on local
adaptation and counter‐gradient variation: Implications for climate change. Ecology and
Evolution 10(13): 6688—6701.
R Core Team 2021. R: A language and environment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria. URL: https://www.R-project.org/.
Ragland, G. J., and Kingsolver, J. G. 2008. The effect of fluctuating temperatures on ectotherm
life-history traits: comparisons among geographic populations of Wyeomyia smithii.
Evolutionary Ecology Research 10(1): 29—44.
Rajapakse, R. H., Waddill, V. H., and Ashley, T. R. 1992. Effect of host age, parasitoid age and
temperature on interspecific competition between Chelonus insularis Cresson, Cotesia
marginiventris Cresson and Microplitis manilae Ashmead. International Journal of
Tropical Insect Science 13(1): 87—94.
Ratte, H. T. 1984. Temperature and insect development. pp. 33—66. In Environmental
Physiology and Biochemistry of Insects. Springer, Berlin, Heidelberg.
Rauter, C. M., and Moore, A. J. 2002. Quantitative genetics of growth and development time in
the burying beetle Nicrophorus pustulatus in the presence and absence of post‐hatching
parental care. Evolution 56(1): 96—110.
Reavey, C. E., Warnock, N. D., Vogel, H., and Cotter, S. C. 2014. Trade—offs between personal
immunity and reproduction in the burying beetle, Nicrophorus vespilloides. Behavioral
Ecology 25(2): 415—423.
Régnière, J., Powell, J., Bentz, B., and Nealis, V. 2012. Effects of temperature on development,
survival and reproduction of insects: experimental design, data analysis and modeling.
Journal of Insect Physiology 58(5): 634—647.

93

Reynolds, S. E., and Nottingham, S. F. 1985. Effects of temperature on growth and efficiency of
food utilization in fifth-instar caterpillars of the tobacco hornworm, Manduca sexta.
Journal of Insect Physiology 31(2): 129—134.
Rinehart, J. P., Yocum, G. D., and Denlinger, D. L. 2000. Thermotolerance and rapid cold
hardening ameliorate the negative effects of brief exposures to high or low temperatures
on fecundity in the flesh fly, Sarcophaga crassipalpis. Physiological Entomology 25(4):
330—336.
Robinson, D. and Hall, M. 2002. Sound signalling in Orthoptera. In: Evans, P. ed. Advances in
Insect Physiology, Elsevier Ltd 29: 151–278
Rudolph, D. 1982. Site, process and mechanism of active uptake of water vapour from the
atmosphere in the Psocoptera. Journal of Insect Physiology 28(3): 205—212.
Santos, L. V. 2020. The American burying beetle (Nicrophorus americanus) population at Camp
Gruber, OK breeding and overwintering survival. Doctoral dissertation, Oklahoma State
University.
Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T., Preibisch,
S., Rueden, C., Saalfeld, S., Schmid, B. and Tinevez, J.Y. 2012. Fiji: an open-source
platform for biological-image analysis. Nature Methods 9(7): 676—682.
Schmitt, M. (1994). Stridulaton in leaf beetles (Coleoptera, Chrysomelidae). (pp. 319—325. In
Novel Aspects of the Biology of Chrysomelidae). Springer, Dordrecht.
Schrader, M and Galanek, J. 2022. Stridulation is unimportant for effective parental care in two
species of burying beetle. Ecological Entomology 47(1): 18—24.
Schumacher, R. 1973. Contribution to knowledge of stridulatory apparatus of native
Necrophorus Species (Necrophorus humator 01, Necrophorus investigator Zetterst,

94

Necrophorus vespilloides Herbst) (Insecta, Coleoptera). Zeitschrift fur Morphologie der
Tiere 75: 65—75.
Scoble, M. J. 1986. The structure and affinities of the Hedyloidea: a new concept of the
butterflies. Bulletin of the British Museum, Natural History. Entomology 53(5): 251—
286.
Scott, M. P. 1998. The ecology and behavior of burying beetles. Annual Review of Entomology,
43(1): 595—618.
Scott, M. P., and Traniello, J. F. 1990. Behavioural and ecological correlates of male and female
parental care and reproductive success in burying beetles (Nicrophorus spp.). Animal
Behaviour 39(2): 274—283.
Scotto Lomassese, S., Strambi, C., Strambi, A., Charpin, P., Augier, R., Aouane, A. and Cayre,
M. 2000. Influence of environmental stimulation on neurogenesis in the adult insect
brain. Journal of Neurobiology 45(3): 162—171.
Shaw, S. 1994. Detection of airborne sound by a cockroach 'vibration detector': a possible
missing link in insect auditory evolution. Journal of experimental biology 193(1): 13—
47.
Sikes, D. S. 2003. Systematic revision of the subfamily Nicrophorinae (Coleoptera: Silphidae).
Doctoral dissertation, University of Connecticut.
Song, Y., Zhou, D., Zhang, H., Li, G., Jin, Y., and Li, Q. 2013. Effects of vegetation height and
density on soil temperature variations. Chinese Science Bulletin 58(8): 907—912.
Spangler, H. G. 1988. Hearing in tiger beetles (Cicindelidae). Physiological Entomology 13(4):
447—452.

95

Spangler, H. G., and Takessian, A. 1983. Sound perception by two species of wax moths
(Lepidoptera: Pyralidae). Annals of the Entomological Society of America 76(1): 94—
97.
Sun, P., Mhatre, N., Mason, A. C., and Yack, J. E. 2018. In that vein: inflated wing veins
contribute to butterfly hearing. Biology Letters 14(10): 20180496.
Sun, S.J., Rubenstein, D.R., Chen, B.F., Chan, S.F., Liu, J.N., Liu, M., Hwang, W., Yang, P.S.
and Shen, S.F., 2014. Climate-mediated cooperation promotes niche expansion in
burying beetles. Elife 3: e02440.
van Staaden, M. J., and Römer, H. 1998. Evolutionary transition from stretch to hearing organs
in ancient grasshoppers. Nature 394(6695): 773—776.
Vargas, W. E., Azofeifa, D. E., and Arguedas, H. J. 2013. Refractive indices of chitin, chitosan
and uric acid with application to structural color analysis. Optica Pura y Aplicada 46:
55—72.
Vasseur, D.A., DeLong, J.P., Gilbert, B., Greig, H.S., Harley, C.D., McCann, K.S., Savage, V.,
Tunney, T.D. and O'Connor, M.I., 2014. Increased temperature variation poses a greater
risk to species than climate warming. Proceedings of the Royal Society B: Biological
Sciences 281(1779): 20132612.
Villalpando, S. N., Williams, R. S., and Norby, R. J. 2009. Elevated air temperature alters an old‐
field insect community in a multifactor climate change experiment. Global Change
Biology 15(4): 930—942.
Walker, E. M. (1931). On the clypeus and labium of primitive insects. The Canadian
Entomologist 63(04): 75—81.

96

Wermelinger, B., and Seifert, M. 1998. Analysis of the temperature dependent development of
the spruce bark beetle Ips typographus (L)(Col., Scolytidae). Journal of Applied
Entomology 122(1‐5): 185—191.
Whitford, W. G. 1997. Desertification and animal biodiversity in the desert grasslands of North
America. Journal of Arid Environments 37(4): 709—720.
Wilson, D. S., and Fudge, J. 1984. Burying beetles: intraspecific interactions and reproductive
success in the field. Ecological Entomology 9(2): 195—203.
Wilson, D. S., Knollenberg, W. G., and Fudge, J. 1984. Species packing and temperature
dependent competition among burying beetles (Silphidae, Nicrophorus). Ecological
Entomology 9(2): 205—216.
Winnington, A.P., Napper, R.M. and Mercer, A.R. 1996. Structural plasticity of identified
glomeruli in the antennal lobes of the adult worker honey bee. Journal of Comparative
Neurology 365(3): 479—490.
Wormington, J. D., and Luttbeg, B. 2017. Allometry and morphometrics of clypeal membrane
size and shape in Nicrophorus (Coleoptera: Silphidae). Journal of Morphology 278(12):
1619—1627.
Wormington, J. D., and Luttbeg, B. 2018. Red clypeal membrane color predicts immune function
in a burying beetle (Coleoptera: Silphidae). Journal of Zoology 304(4): 284—292.
Yack, J. E., Scudder, G. G., and Fullard, J. H. 1999. Evolution of the metathoracic tympanal ear
and its mesothoracic homologue in the Macrolepidoptera (Insecta). Zoomorphology
119(2): 93—103.
Yack, J.E., 2004. The structure and function of auditory chordotonal organs in insects.
Microscopy Research and Technique 63(6): 315—337.

97

Yager, D. D., and Spangler, H. G. 1995. Characterization of auditory afferents in the tiger beetle,
Cicindela marutha Dow. Journal of Comparative Physiology A 176(5): 587—599.
Yoshizawa, K., and Saigusa, T. 2003. Reinterpretations of clypeus and maxilla in Psocoptera,
and their significance in phylogeny of Paraneoptera (Insecta: Neoptera). Acta Zoologica
84(1): 33—40.
Young, D., and Ball, E. 1974. Structure and development of the auditory system in the
prothoracic leg of the cricket Teleogryllus commodus (Walker). Zeitschrift für
Zellforschung und mikroskopische Anatomie 147(3): 293—312.
Zanini, D., and Göpfert, M. C. 2013. Mechanosensation: tethered ion channels. Current Biology
23(9): R349—R351.

98

Appendix

Model df

logLik

AICc

delta

weight

Treatment+CarcassWeight+FemalePW 5

-158.707

329.5 0.00

0.290

Treatment+CarcassWeight 4

-160.152

329.6 0.15

0.268

Treatment 3

-161.931

330.6 1.15

0.163

Treatment+CarcassWeight+MalePW 5

-160.081

332.2 2.75

0.073

Treatment+FemalePW+MalePW 5

-160.095

332.3 2.78

0.072

Treatment+CarcassWeight+FemalePW+MalePW 6

-158.704

332.4 2.93

0.067

Appendix 1A. Model selection table for determining what variables best predict the number
of larvae dispersed among thermal treatments. df = degrees of freedom, logLik = log
likelihood, AICc = sample size corrected Akaike information criteria, delta = delta AICc,
weight=AICc weight, FemalePW = female pronotum width (mm), MalePW = male pronotum
width (mm).
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Model df

logLik

AICc delta

weight

Treatment

4

-122.326

254

0

0.51

Treatment+CarcassWeight

5

-121.877

255.8

1.84

0.204

Treatment+CarcassWeight+FemalePW

6

-121.045

257.1

3.11

0.108

Treatment+FemalePW+MalePW

6

-121.332

257.7

3.68

0.081

Treatment+CarcassWeight+MalePW

6

-121.786

258.6

4.59

0.052

Treatment+CarcassWeight+FemalePW+
MalePW

7

-121.036

260.2

6.23

0.023

Appendix 1B. Model selection table for determining what variables best predict brood mass (g)
among thermal treatments. df = degrees of freedom, logLik = log likelihood, AICc = sample size
corrected Akaike information criteria, delta = delta AICc, weight = AICc weight, FemalePW =
female pronotum width (mm), MalePW = male pronotum width (mm).
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Model df

logLik

AICc

delta

weight

Treatment

3 -58.764

123.8

0

0.616

Treatment+CarcassWeight

4 -58.763

126

2.19

0.206

Treatment+CarcassWeight+MalePW

5 -58.537

127.8

3.98

0.084

Treatment+CarcassWeight+FemalePW

5 -58.763

128.2

4.43

0.067

Treatment+CarcassWeight+FemalePW
+MalePW

6 -58.522

130.1

6.25

0.027

Appendix 1C. Model selection table for determining what variables best predict brood success
(presence or absence of dispersed larvae) among thermal treatments. df = degrees of freedom,
logLik = log likelihood, AICc = sample size corrected Akaike information criteria, delta = delta
AICc, weight = AICc weight, FemalePW = female pronotum width (mm), MalePW = male
pronotum width (mm).
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Model df LogLik AICc

delta weight

Treatment

6

- 2303.3
1145.43

0

0.618

Treatment+FemalePW+MalePW

8

- 2306.6
1144.89

3.3

0.119

Treatment+CarcassWeight+MalePW

8

- 2307.1
1145.12

3.74

0.095

Treatment+CarcassWeight+FemalePW

8

- 2307.1
1145.12

3.76

0.094

Treatment+CarcassWeight+FemalePW+MaleP
W

9

- 2308.9
1144.89

5.51

0.039

Treatment+CarcassWeight 17

- 2310.5
1136.33

7.18

0.017

Appendix 2A. Model selection table for determining what variables best predict carcass burial time
among treatments. df = degrees of freedom, logLik = log likelihood, AICc = sample size corrected
Akaike information criteria, delta = delta AICc, weight = AICc weight, FemalePW = female
pronotum width (mm), MalePW = male pronotum width (mm).
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Model df LogLik AICc

delta weight

Treatment

5

- 1084.4
536.971

0

0.338

Treatment+CarcassWeight+FemalePW

7

- 1085.6
535.336

1.17

0.188

Treatment+CarcassWeight

6

-536.47 1085.6

1.2

0.186

Treatment+FemalePW+MalePW

7

- 1086.9
535.993

2.49

0.098

Treatment+CarcassWeight+MalePW

7

- 1087.7
536.366

3.23

0.067

Treatment+CarcassWeight+FemalePW+MalePW

8

- 1087.8
535.316

3.41

0.062

Appendix 2B. Model selection table for determining what variables best predict the number of
larvae dispersed among treatments. df = degrees of freedom, logLik = log likelihood, AICc =
sample size corrected Akaike information criteria, delta = delta AICc, weight = AICc weight,
FemalePW = female pronotum width (mm), MalePW = male pronotum width (mm).
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Model df LogLik

AICc delta weight
0

0.542

-301.08 617.1

1.95

0.204

Treatment+CarcassWeight+FemalePW

8 -300.965 619.1

4

0.073

Treatment+FemalePW+MalePW

8 -301.063 619.3

4.19

0.067

Treatment+CarcassWeight+MalePW

8 -301.072 619.4

4.21

0.066

Treatment+CarcassWeight+FemalePW+MalePW

9 -300.944 621.4

6.27

0.024

Treatment
Treatment+CarcassWeight

6 -301.224 615.1
7

Appendix 2C. Model selection table for determining what variables best predict the brood mass
among treatments. df = degrees of freedom, logLik = log likelihood, AICc = sample size
corrected Akaike information criteria, delta = delta AICc, weight = AICc weight, FemalePW =
female pronotum width (mm), MalePW = male pronotum width (mm).
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Model df LogLik

AIC
c

delta weight

Treatment

5 -101.197

212.
7

0

0.469

Treatment+CarcassWeight

6 -100.872

214.
2

1.5

0.222

Treatment+CarcassWeight+MalePW

7 -100.031

214.
7

1.98

0.174

7

-100.87

216.
4

3.66

0.075

8 -100.009

216.
9

4.14

0.059

Treatment+CarcassWeight+FemalePW
Treatment+CarcassWeight+FemalePW+MalePW

Appendix 2D. Model selection table for determining what variables best predict brood success
(presence of larvae) among treatments. df = degrees of freedom, logLik = log likelihood, AICc =
sample size corrected Akaike information criteria, delta = delta AICc, weight = AICc weight,
FemalePW = female pronotum width (mm), MalePW = male pronotum width (mm).
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Model df LogLik AICc

delta weight

Treatment

6

- 2114.9
1051.17

0

0.583

Treatment+CarcassWeight

7

-1051.1 2116.9

2.05

0.209

Treatment+CarcassWeight+FemalePW

8

- 2118.6
1050.84

3.74

0.09

Treatment+CarcassWeight+MalePW

8

- 2118.8
1050.92

3.9

0.083

Treatment+CarcassWeight+FemalePW+MaleP
W

9

- 2120.6
1050.68

5.66

0.034

Appendix 3A. Model selection table for determining what variables best predict carcass burial time
among treatments. df = degrees of freedom, logLik = log likelihood, AICc = sample size
corrected Akaike information criteria, delta = delta AICc, weight = AICc weight, FemalePW
= female pronotum width (mm), MalePW = male pronotum width (mm).
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Model df LogLik

-453.72 922.5

0

0.383

Treatment

5 -456.119 922.8

0.31

0.329

Treatment+CarcassWeight+FemalePW+MalePW

8 -453.646 924.6

2.16

0.13

Treatment+CarcassWeight

6 -456.037 924.8

2.37

0.117

7 -455.983

4.52

0.04

Treatment+CarcassWeight+MalePW

Treatment+CarcassWeight+FemalePW

7

AICc delta weight

927

Appendix 3B. Model selection table for determining what variables best predict number of larvae
among treatments. df = degrees of freedom, logLik = log likelihood, AICc = sample size
corrected Akaike information criteria, delta = delta AICc, weight = AICc weight, FemalePW
= female pronotum width (mm), MalePW = male pronotum width (mm).
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Model df LogLik

AICc delta weight

Treatment

6

-260.65 534.1

0

0.538

Treatment+CarcassWeight

7

-260.65 536.3

2.27

0.173

Treatment+CarcassWeight+MalePW

8 -259.548 536.4

2.37

0.165

Treatment+CarcassWeight+FemalePW

8 -260.504 538.4

4.28

0.063

Treatment+CarcassWeight+FemalePW+MalePW

9 -259.375 538.4

4.38

0.06

Appendix 3C. Model selection table for determining what variables best predict brood mass among
treatments. df = degrees of freedom, logLik = log likelihood, AICc = sample size corrected
Akaike information criteria, delta = delta AICc, weight = AICc weight, FemalePW = female
pronotum width (mm), MalePW = male pronotum width (mm)

Model df LogLik AICc delta weight
-88.29 189.1

0

0.467

Treatment+CarcassWeight+FemalePW

7 -87.936 190.6

1.48

0.223

Treatment+CarcassWeight+MalePW

7 -88.028 190.8

1.66

0.203

Treatment+CarcassWeight

108

6

Treatment+CarcassWeight+FemalePW+MalePW

8 -87.624 192.2

3.08

0.1

Treatment

5 -93.587 197.6

8.43

0.007

Appendix 3D. Model selection table for determining what variables best brood success among treatments. df
= degrees of freedom, logLik = log likelihood, AICc = sample size corrected Akaike information
criteria, delta = delta AICc, weight = AICc weight, FemalePW = female pronotum width (mm),
MalePW = male pronotum width (mm).

Model df

LogLik

AICc

delta

weight

Treatment+Number of Larvae

5

-13.192

56.4

0

0.815

Treatment

4

-20.679

59.4

2.97

0.184

Treatment+PW

5

-20.558

71.1

14.73

0.001

Treatment+PW+Number of
Larvae

6

-12.281

78.6

22.18

0

Appendix 4A. Model selection table for determining what variables best predict N. marginatus
brain volume among treatments. df = degrees of freedom, logLik = log likelihood, AICc =
sample size corrected Akaike information criteria, delta = delta AICc, weight = AICc weight,
PW = pronotum width (mm).
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Model df

logLik

AICc

delta

weight

Treatment

4

-18.645

53.3

0

0.941

Treatment+PW

5

-17.183

59.4

6.08

0.045

Treatment+Number of Larvae

5

-18.337

61.7

8.39

0.014

Treatment+PW+Number of
Larvae

6

-16.829

73.7

20.37

0

Appendix 4B. Model selection table for determining what variables best predict N. americanus
brain volume among treatments. df = degrees of freedom, logLik = log likelihood, AICc =
sample size corrected Akaike information criteria, delta = delta AICc, weight = AICc weight,
PW = pronotum width (mm).
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